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Referat:
In der vorliegenden Arbeit wird eine Analyse verschiedener Mechanismen zur Produktion von
großen Wolkentropfen, sogenannten Kollisions– und Koaleszenz–Initiatoren, in flachen kon-
vektiven Wasserwolken vorgestellt. Diese Tropfen führen zu einer Verbreiterung des Tropfen-
spektrums und sind damit essenziell für die Entstehung von Regen innerhalb einer kurzen
Zeitspanne von etwa 20 Minuten. Bis der Ursprung dieser großen Tropfen erklärt ist, wird
es weiterhin zu Unterschieden in Tropfenspektren und Regenraten zwischen Klimamodellen
und Beobachtungen kommen. Eine Tropfengröße von D > 40µm gilt als Schwellwert zur
Initiierung des Kollisions– und Koaleszenz–Prozesses. Die Basis dieser Arbeit formen Daten,
die während der Messkampagne CARRIBA nahe der Insel Barbados in der Passatwind-
zone mit der Messplatform ACTOS gemessen wurden. Der Einfluss der folgenden drei
großen Mechanismen auf das Tropfenspektrum wird für 300 vermessene Wolken in verschiede-
nen Entwicklungsstadien untersucht: (i) die Anzahlkonzentration von Aerosolpartikeln, die
als CCN fungieren, und gelösstem Seesalz, welches als GN dient, (ii) die Interaktion von
Wolkentropfen und der sie umgebenden turbulenten Ströhmung auf kleinsten Skalen, und
(iii) der turbulente Einmischungsprozess von wolkenfreier Luft an der Grenzfläche zwischen
Wolke und Umgebung. Eine signifikante Antikorrelation zwischen der Anzahlkonzentration
beobachteter CCN Partikel, NCCN, und der Wolkentropfengröße wurde gefunden, was da-
rauf hinweisst, dass NCCN einen kontrollierenden Faktor für die Form des Tropfenspektrums
darstellt. Ein Einfluss der gelössten Seesalz Partikel konnte nicht nachgewiesen werden,
was teils an sehr niedrigen Werten von NCCN und teils an einer positiven Korrelation zwis-
chen NCCN und den gelössten Seesalz Partikeln liegt. Desweiteren deutet eine Analyse der
Stokes und Froude Zahl, sowie des Abscheideparameters, darauf hin, dass auf Skalen im
Bereich der Kolmogorov Längenskala keine signifikante Interaktion zwischen Wolkentropfen
und der turbulenten Ströhmung stattfindet. Das wird bestätigt durch die Berechnung der
Parr–Korrelations–Funktion, welche ergab, dass für die Mehrheit der untersuchten Wolken
die Tropfenverteilung im Raum einer Poissonverteilung folgt. Das Einmischen wolkenfreier
Luft am Wolkenrand erfolgt überwiegend homogen für aktiv wachsende Wolken, und zum
Großteil inhomogen für Wolken im auflösenden Stadium. Inhomogenes Einmischen gilt als
günstig für die Bildung großer Tropfen, und dieser Einfluss wird noch verstärkt, wenn eine
Schicht feuchter Luft die Wolke umgibt. Eine solche Feuchteschicht wurde für mindestens
die Hälfte aller Wolken beobachtet. Der Einfluss sekundärer Tropfenaktivierung während
des Einmischprozesses, sowie der Einluss einer Feuchteschicht, werden diskutiert.
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Abstract:
This thesis presents an analysis of the production of larger cloud droplets, so called collision–
coalescence initiators, in shallow convective clouds. These droplets cause a broadening of the
droplet spectra and are considered essential for the initiation of rain within 20 minutes in
this cloud type. As long as their origin remains uncertain differences in cloud droplet spectra
and rain fraction between climate prediction models and observations will occur. A droplet
size of D > 40µm is considered sufficient to initiate the collision–coalescence process. Data
obtained by the helicopter–borne measurement platform ACTOS during the field campaign
CARRIBA in November 2010 in the trade wind region nearby the island of Barbados forms
the foundation of this work. A total of 300 clouds are analyzed and a classification into
cloud evolutionary stages based on dynamical parameters - actively growing, decelerated,
and dissolving - is applied. A detailed analysis of the significance of the following three
major processes is presented: the impact of aerosol particles acting as CCN and sissolved
sea salt particles acting as GN, of cloud droplet–turbulence interaction on small scales, and
of the turbulent entrainment–mixing process at the cloud–clear air interface. A significant
anti–correlation between the number concentration of observed CCN particles, NCCN, and
the cloud droplet size is observed, indicating that the aerosol load forms the controlling
factor of the shape of the droplet spectra. An impact of dissolved sea salt particles acting
as GN is not found, mainly based on the low values of NCCN and a positive correlation
between NCCN and the number concentration of dissolved sea salt particles. Also, a study
of the Stokes number, Froude number and Settling parameter indicates that no significant
interaction between cloud droplets and the turbulent flow occurs on scales in the range of the
Kolmogorov microscale. This is confirmed by calculations of the pair correlation function,
which shows that for the majority of the observed clouds the distribution of droplets is
close to a Poisson process. It is also found that the entrainment–mixing process is mainly
homogeneous for actively growing clouds, but follows the inhomogeneous pathway for clouds
of the dissolving stage. Inhomogeneous mixing is considered favorable for the production of
larger cloud droplets. This process is even enhanced by the existence of so called humidity
halos, which are detected for at least half of the observed clouds. An impact of secondary
activation of CCN particles during the entrainment–mixing process, as well as the existence
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Clouds cover about 67% of the Earth’s surface (King et al., 2013). The Fifth Assessment Re-
port of the International Panel on Climate Change states that Clouds and aerosols continue to
contribute the largest uncertainty to estimates of the Earth’s changing energy budget (ICCP,
2013). The large uncertainties caused by clouds in General Circulation Models (GCMs)
are mainly based on scale problems. Most of the cloud–related processes occur on sub–grid
scales in GCMs and therefore, have to be parameterized (Cess et al., 1989; Colman, 2003;
Stephens, 2005). Among these processes are aerosol–cloud interactions, small-scale turbu-
lent flow–droplet interactions, and the larger–scale turbulence induced entrainment–mixing
process at the interface between clouds and clear air.
In the maritime trade wind region shallow cumuli are the prevailing cloud type. Despite
having diameters of less than 1 km these small clouds play a major role in the maintenance
of the tropical circulation, as they cover a large amount of the oceans (Riehl et al., 1951;
Stevens, 2005). They are important for the transport of heat, moisture, and momentum
from the ocean surface to the free troposphere (e.g., Tiedtke, 1989). At the same time they
influence boundary layer height and the vertical profiles of temperature, relative humidity,
and wind (Bretherton et al., 2004).
Shallow trade wind cumuli have been studied for more than half a century (e.g., Stommel,
1947; Malkus, 1949; Warner, 1955; Squires, 1958). However, there are still numerous open
questions with regard to their evolution and properties. One major question is the rapid
production of rain in these warm low–level clouds, also called the warm rain problem. This
mechanism describes the discrepancy between observed occurrence of rain and model results.
From radar measurements offshore Hawaii by Szumowski et al. (1997) and over Florida by
Laird et al. (2000) it is concluded that warm shallow convective clouds can produces rain in
a time span of 15–20 minutes. This requires droplets to grow from the micrometer to the mil-
limeter size within tens of minutes after their formation. For a cloud droplet with a diameter
of D = 20µm and an ambient supersaturation of 0.2% it takes about 20 minutes to grow to
D = 40µm through pure condensation. It takes about another hour to grow to D ∼ 200µm
through coalescence in a cloud with a Liquid Water Content (LWC) of 1 gm−3 (Jonas, 1996).
Therefore, a clear discrepancy between theory and observation exists. Moreover, observed
cloud droplet number size distributions (NSDs) are broader compared to model results ob-
tained by adiabatic parcel models with pure condensation growth (Yum and Hudson, 2001;
Brenguier and Chaumat, 2001). Ludlam (1951) stated that a small number of cloud droplets
with an initial size of D ∼ 40µm could already cause the onset of the collision–coalescence
process in a cloud, which serves as the first step to rain formation. Therefore, the governing
question is which mechanisms occur in low–level warm clouds that allow cloud droplets of
D ∼ 20µm, grown by condensation, to grow to about D ∼ 40µm. Cotton and Anthes (1989)
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described this problem as closing the growth gap between pure condensational growth and
growth by collision–coalescence. In the following different mechanisms to close this growth
gap are discussed.
Aerosol–cloud interactions are known to have a significant impact on the NSD. For a constant
amount of LWC an increase in the concentration of cloud condensation nuclei (CCN) yields
an increase in the droplet number concentration N . However, the droplet diameters D
are generally reduced and the width of the droplet spectrum is thought to be inversely
proportional to the number concentration of CCN particles NCCN (Twomey, 1991).
Giant CCN particles, so called giant nuclei (GN) or ultra giant nuclei (UGN) if the dry
diameter is larger 20µm, are thought to instantly form larger cloud droplets by condensation,
causing an immediate broadening of the NSD (Beard and Ochs, 1993). In maritime air
masses sea salt particles provide these GN if suitable meteorological and thermodynamical
conditions are present. Woodcock (1952) found a high correlation between the number
concentration of large sea salt particles NGN, found at cloud level in maritime air, and the
number concentration of rain drops.
The GN hypothesis is controversially discussed in literature. E.g., Reiche and Lasher-Trapp
(2010) analyzed data obtained during the Rain in Cumulus over the Ocean (RICO) campaign
and found that GN are of minor importance for the formation of precipitation. They con-
cluded that the overall cloud vertical development is the more significant factor. Cheng et al.
(2009) analyzed the role of CCN and GN and found a dependence of the shape of the NSD
on the concentration of both particle types. The impact of GN on precipitation develop-
ment was significant if both NGN and NCCN were high. Similar results were found e.g., by
Feingold et al. (1999). Lowenstein et al. (2010) observed a large–size tail in the NSD of mar-
itime cumulus clouds during RICO and explained these observations with the activation of
observed GN and UGN particles, followed by condensational growth. Also from RICO obser-
vations Hudson et al. (2011) found a positive correlation between the number concentration
of drizzle drops (D > 50µm) and NGN. Based on RICO observations Gerber and Frick
(2012) analyzed model results that indicate that GN increase the number of drizzle sized
droplets for wind speeds > 10m s−1, but cannot clearly state a significant impact of GN on
rain formation. Laird et al. (2000) analyzed observations from SCMS (Small Cumulus Mi-
crophysics Study) and found evidence that the formation of rain in the observed clouds was
based on raindrop embryo formation on UGN. To conclude, regarding the GN hypothesis
many studies were conducted with varying results. The main question is still whether the
concentration of large sea salt particles is sufficient to cause the formation of precipitation
in shallow maritime cumulus clouds (Rogers and Yau, 1989; Laird et al., 2000).
Jonas (1996) concluded that the small-scale turbulent nature of the velocity field of shallow
convective clouds causes the faster droplet growth and a broadening of the NSD. It is found
that cloud droplets are not randomly distributed in clouds, but are preferentially concen-
trated in regions of low vorticity due to their inertia (Squires and Eaton, 1991; Shaw et al.,
1998). Droplet clustering, or preferential concentration, caused by turbulence on small spa-
cial scales can create regions with high and low supersaturation, therefore altering the bulk
microphysical properties of the cloud. The two most important factors controlling prefer-
ential concentration are the local energy dissipation rate ǫ, which describes the strength of
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turbulence, and D. Both are combined in the droplet Stokes number St, which is a suitable
measure to describe preferential concentration. It is found that this process is most signif-
icant at St ∼ 1 (Shaw et al., 1998; Vaillancourt and Yau, 2000). The clustering of droplets
can also be analyzed using the pair correlation function η, which determines the degree of
deviation from a Poisson process. Lehmann et al. (2007) found evidence for inertial droplet
clustering in weakly turbulent stratocumulus clouds with St≪ 1 by analyzing η.
Another droplet growth mechanism that involves turbulence is the process of entraining sub–
saturated environmental air into the cloud and subsequent mixing with the cloudy air. The
analysis of the entrainment–mixing process goes back to the pioneer work of Stommel (1947),
who studied the entrainment process into convective clouds, Warner (1955), who analyzed
the distribution of LWC throughout cumuliform clouds, and Squires (1958), who theoreti-
cally studied the entrainment and mixing of environmental air into the body of convective
clouds. The details of this larger–scale mixing process are characterized by the Damköh-
ler number Da, which is the ratio between the turbulent mixing time scale and the phase
relaxation time, which describes the time required to achieve equilibrium vapor saturation
due to the evaporation (or growth) of the entire droplet population (Baker and Latham,
1979; Baker et al., 1980, 1984; Jensen and Baker, 1989; Lehmann et al., 2009; Kumar et al.,
2013). Based on Da the mixing type is divided into a homogeneous and an inhomogeneous
process. The two mixing types generate a new thermodynamic environment which influ-
ences D and N in completely different ways (Cooper, 1989; Burnet and Brenguier, 2007).
Homogeneous mixing decreases D as well as N , whereas inhomogeneous mixing decreases
only N , while D remains nearly constant. The mixing type is crucial for the evolution
of cloud microphysical properties, cloud dynamics, lifetime, and cloud optical properties
(Brenguier et al., 2000; Grabowski, 2006), and is of importance for the first indirect aerosol
effect (e.g., Pawlowska et al., 2000).
Numerous observational and numerical studies have been performed to investigate the mixing
process of shallow convective clouds. Up to now, there is no consensus about the prevailing
mixing type in shallow cumuli. Some observations suggest that homogeneous mixing is dom-
inant (e.g., Jensen et al., 1985; Jensen and Baker, 1989). Others indicate the inhomogeneous
mixing scenario as the prevailing process (e.g., Gerber, 2006; Pawlowska et al., 2000). Some
studies do not clearly differentiate between the mixing processes (e.g., Gerber et al., 2008).
Small et al. (2013), Burnet and Brenguier (2007), and Lehmann et al. (2009) found both,
homogeneous and inhomogeneous mixing in shallow cumuli, depending on the cloud loca-
tion. Small et al. (2013) observed that the mixing tends towards the homogeneous scenario
for upper parts of the clouds and is rather inhomogeneous in the lower cloud parts. Similar
results were found in the modeling studies of Jarecka et al. (2013). Burnet and Brenguier
(2007) and Lehmann et al. (2009) found some indication that the mixing process was con-
nected to dilution and, therefore, to the evolutionary stage of the clouds. Numerical studies
(e.g., Baker and Latham, 1979; Lasher-Trapp et al., 2005; Krueger et al., 2006) found that
inhomogeneous mixing can increase the number concentration of larger cloud droplets.
All the above mentioned, partly contradicting findings motivate and form the objective of this
work, which is to analyze shallow trade wind cumuli with respect to mechanisms producing
larger cloud droplets with D ≥ 40µm which serve as collision–coalescence initiators. Here, a
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dependence of these mechanisms on the cloud evolutionary stage based on Katzwinkel et al.
(2014) is taken into account.
The focus of the presented work is on the following specific processes:
(i) Cloud microphysical response to varying CCN loads, as well as GN in form of dissolved
sea salt particles.
(ii) Turbulence induced flow–particle interactions based on the analysis of Stokes number,
Froude number, and Settling parameter, and the pair correlation function.
(iii) A detailed study of the mixing process in shallow cumuli as a function of the cloud
evolutionary stage.
The data base of this analysis is obtained during the Clouds, Aerosol, Radiation and tuRbu-
lence in the trade wInd regime over BArbados (CARRIBA) campaign (Siebert et al., 2013)
which took place during November 2010 and April 2011 nearby the island of Barbados.
CARRIBA is based on observations obtained by the helicopter–borne measurement payload
ACTOS (Airborne Cloud Turbulence Observation System, Siebert et al., 2006a) plus a radia-
tion measurement system (Werner et al., 2013, 2014). Helicopter and measurement platform
move with a true air speed (TAS) of ∼ 20m s−1. Paired with the high measurement fre-
quency of up to 100Hz, ACTOS yields turbulence, thermodynamic, and cloud microphysical
data with a high spatial resolution in the decimeter range. Aerosol properties, also measured
by instrumentation installed on ACTOS, allow the study of aerosol–cloud interactions. The
use of a slow moving helicopter yields the advantage of being able to analyze cumuli with
diameters on the order of a few 100m, which are common in the trade wind regime and are
difficult to characterize by fast–flying research aircraft. Another advantage of ACTOS, com-
pared to commonly used research aircraft, is the compact measurement setup, which allows
close collocation of the individual instruments. This setup allows for closely collocated mea-
surements and the analysis of interdependencies between meteorological, dynamical, cloud
microphysical, aerosol, and radiation properties.
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2 Fundamentals
This chapter provides an overview of the theoretical background needed for the upcoming
analysis. First the cloud microphysical parameters are introduced in Sec. 2.1. In Sec. 2.2
aerosol cloud interactions are discussed with focus on the indirect aerosol effects. Basic
knowledge of atmospheric small–scale turbulence is given in Sec. 2.3. The conventional
theory of droplet growth is presented in Sec. 2.4. In Sec. 2.5 the impact of small-scale
turbulence on the droplet spectrum is discussed. Two alternative processes for the production
of precipitation initiating droplets are presented in Sec. 2.6, namely the impact of GN and
the entrainment-mixing process.
2.1 Cloud Microphysical Properties
There are two fundamental physical quantities that describe the microphysics of a warm
cloud: the size D and number concentration N of its droplets. Cloud droplets are approxi-
mated as spheres and the geometric diameter is used to describe their size.
From these two quantities the droplet number size distribution f(D) = N · p(D) can be
calculated which gives the number of droplets in the size range between D and D + dD.
N is the number concentration of all observed droplets in a given volume and p(D) is the
probability density, which is normalized such that
∫
∞
0 p(D)dD = 1. Based on the moments





parameters such as the cloud droplet number concentration N = M0 and the mean volume
diameter Dv = (M3)
1/3 can be derived. Based on these parameters the cloud liquid water







with ρw being the density of water.
These microphysical parameters vary depending on the type of cloud, the evolutionary stage
within its life cycle, and the observational location within the cloud. Maritime boundary
layer clouds usually have a fewer number of droplets which are larger in size, compared to
continental cumuli, which consist of a large number of smaller droplets. This is based on the
number of available cloud condensation nuclei (CCN). The maritime shallow cumuli, which
are the main subject of this thesis, have droplet diameters mainly between 5 and 30µm,
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but often show a so–called drizzle tail with a few droplets having diameters up to 100 µm.
They have typical cloud droplet number concentrations of N ∼ 50 to 300 droplets per cm3
(Kubar et al., 2009; Siebert et al., 2013).
After activation of CCN particles a freshly formed cloud parcel is adiabatically lifted. During
the lifting process no further activation occurs and the droplet number concentration remains
constant at its adiabatic value Nad marked with the subscript ad. To estimate Nad the
number concentration of CCN observed at cloud base serve as a reliable proxy. As for the
analysis done in this work no measurements at cloud base are available, and Nad is estimated
from CCN observations made with a mini–CCN counter (see Sec. 3.4) in the sub–cloud layer
(SCL), which is assumed to be well mixed. Here, the 95th percentile of NCCN is chosen
because the prevailing supersaturation was often larger than the supersaturation used for
the mini–CCN counter (Ditas, 2014). Although Topping et al. (2013) showed that using
CCN concentration as a proxy for Nad might result in an underestimation, this approach
yields the most reliable estimate of Nad during CARRIBA.
The LWC will increase almost linearly during the lifting of the cloudy air parcel and the

















where zcb is the height of cloud base, ρa is the density of air, g is the acceleration due to
gravity, L = 2.5 × 106 J kg−1 is the latent heat of vaporization, cp = 1004 J kg
−1 K−1 is the
specific heat capacity of air at constant pressure, and Γw = dT/dz
′
is the wet adiabatic lapse
rate in the cloud. For a given zcb with temperature Tcb, Eq. 2.3 can be solved numerically









Dv,ad is also an increasing function with increasing height.
Clouds experience turbulent entrainment and mixing and therefore, observed cloud micro-
physical parameters may deviate from their adiabatic values. To compare clouds sampled
under different conditions, e.g., during different days, at different altitudes, or at different
evolutionary stages, the actual measured parameter ζ(x, t) at position x and time t, with ζ
being a cloud parameter such as LWC, N , or Dv, is normalized by its adiabatic value
ζn(x, t) = ζ(x, t)/ζad(x). (2.5)
In order to calculate LWCad the cloud base height has to be estimated. From constant
low–level flights at the height z over the sea the mean temperature T (z) and dew point
temperature TD(z) are derived with an estimated accuracy of 0.2K for both parameters.
With the known lapse rates dT/dz and dTD/dz the height zcb where T (zcb) = TD(zcb) can
be calculated
zcb = (T (zs)− TD(zs))/(dTD/dz + Γd), (2.6)
2.2. AEROSOL EFFECTS ON CLOUD MICROPHYSICAL AND MACROPHYSICAL
PROPERTIES 7
where zs is the sea surface height. Using an adiabatic dry lapse rate of Γd = −dT/dz =
g/cp = 9.8K(1000m)
−1 and a mean observed lapse rate for the dew point of -1.8K(1000m)−1
yields zcb = [T (zs)− TD(zs)] · 125mK
−1 (also known as Henning equation). The measure-
ment of the spread T (zs) − TD(zs) includes an absolute error of 0.4K. The error of cloud
base estimation is therefore about 50m assuming errors in the lapse rates can be neglected.
Estimated cloud base heights were supported by ceilometer data obtained from the Barbados
Cloud Observatory (Nuijens et al., 2014).
As a next step the error of LWCad resulting from an error of 50m in cloud base estimation is
determined. For simplicity this error is estimated for only one selected measurement height
of 1.5 km which is a typical height for cloud observations presented in this work. Using
zcb = 500m and T (zcb) = 24
◦C yields LWCad = 2.3 gm
−3 and for zcb = 550m, LWCad
= 2.2 gm−3. Consequently, the absolute error is ∆LWCad ≈ 0.1 gm
−3 for this observation
height. A small difference of ∆T (zcb) = 0.5K for the two different cloud base heights has a
negligible effect on LWCad.
Finally, the absolute error for Dv,ad is estimated based on the observation example: using
LWCad = 2.2 gm
−3 and a typical value of Nad = 100 cm










−2/3 ·∆LWCad ≈ 0.5µm. (2.7)
Next, the absolute error of the estimated Nad is considered. Ditas (2014) compared mea-
sured CCN at a supersaturation of 0.26% with measured activated particles. Both number










−4/3 ·∆Nad ≈ 2.3µm. (2.8)
The discussion of the accuracy of the measurements is especially important for the analysis
of the mixing diagrams in Sec. 2.6.2.
2.2 Aerosol Effects on Cloud Microphysical and Macrophysical
Properties
Aerosol particles have a number of different effects on their surrounding. Direct aerosol
effects concern the interaction with radiation in cloud free air by scattering and absorption
and are not discussed here. Also noteworthy but not discussed in this work is the semi–direct
effect, which alters the cloud cover due to absorption by aerosol particles such as black carbon
(Hansen et al., 1997). In this work the focus is on the indirect aerosol effects, which describe
the alteration of the Earth–Atmosphere radiation balance by changing the cloud amount and
cloud albedo, because aerosol particles act as CCN. The impact on the radiation and the
Earth’s energy budget is not topic of this work. The first indirect aerosol effect, also called
cloud albedo effect, describes an increase in cloud droplet number concentration N due to
an increase in aerosol particle number concentration NCCN. Therefore, for a given LWC the
cloud droplet size is decreased which in turn increases the cloud albedo (Twomey, 1991).
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The reduction in cloud droplet size suppresses precipitation formation and therefore, leads
to an increased cloud life time. This process is described by the second indirect aerosol effect
or cloud lifetime effect (Albrecht, 1989).
Besides these two indirect aerosol effects, aerosol particles have another indirect effect on
cloud properties by changing the spectral shape of the cloud droplet size distribution.
Liu and Daum (2002) found that an increase in NCCN caused not only an increase in N ,
but also in the spectral dispersion, which is defined as the ratio of the spectral width σ
to the mean droplet diameter D. This so called dispersion effect counteracts the cooling
effect due to an increased cloud albedo caused by an increase in N (Peng and Lohmann,
2003; Rotstayn and Liu, 2003, 2009). As a possible cause for the simultaneous increase in N
and σ/D Liu and Daum (2002) suggest the following reasons: the chemical composition and
width of the anthropogenic aerosol particle size distribution differs from maritime aerosol,
and the large number of small droplets that compete for water vapor broaden the droplet
size distribution, compared to fewer droplets in clean maritime clouds.
Lu et al. (2012) analyzed the impact of vertical velocity w on σ/D and found that the
dispersion effect does hold true only for low values of w. With increasing w the droplet
number concentration N increases but σ/D decreases. This shows that it is challenging to
separate aerosol effects from dynamical effects.
2.3 Turbulence in Clouds
The Navier–Stokes equation, which describes the three–dimensional flow field of an incom-



















where ρ is the fluid density, p is the static pressure, ν is the kinematic viscosity, i = 1,2,3
and j = 1,2,3. Based on these non–linear differential equations turbulence in a flow can be
described (Frisch, 1995), but there is no general solution for Eq. 2.9 and only solutions for
special cases are available. Therefore, the description of turbulent flows is mainly based on a
phenomenological description and turbulence is often described as a composition of turbulent
structures (eddies) with characteristic length and time scales.
A turbulent flow u(t) is composed of a mean part u and a turbulent part u′(t), where the








Here, T is the integration time (e.g., the sampling time). The turbulent part of the flow
can be derived by applying this Reynolds decomposition and subtracting the mean from the
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instantaneous value
u′(t) = u(t)− u. (2.12)







(u(t) − u(t)) dt ≡ 0. (2.13)
Due to the diffusivity of turbulence a turbulent motion leads to the transport and mixing
of momentum, kinetic energy, heat, particles, and moisture. The rates of transfer and mix-
ing due to turbulent diffusion are several orders of magnitudes larger than rates caused by
molecular diffusion (Tennekes and Lumley, 1972).
Whether a flow is turbulent or laminar can be defined by the Reynolds number Re, a di-
mensionless number, which characterizes the flow with respect to its level of turbulence. Re





where u′ is the characteristic velocity of the flow and L0 is the characteristic length scale
of the flow associated with the energy containing eddies, called large eddy scale. Often,
u′ is represented by the root–mean–square velocity urms. L0 is the largest possible scale
for a turbulent eddy in the respective flow. The Reynolds number of a turbulent flow can
also be interpreted as the ratio of the time scale of molecular diffusion to the time scale of
turbulent mixing when operating at the same length scales (Tennekes and Lumley, 1972). If
the Reynolds number of a flow is larger than a critical value, which depends on the problem
itself, the flow is turbulent. In the contrary, if Re is smaller than the critical value, the
flow is laminar. If two different flows have similar Re then they behave in a statistically
similar manner. Cumulus clouds typically exhibit u′ ∼ 1m s−1 and L0 ∼ 100m resulting in
an estimated Reynolds number of Re ∼ 107 (Shaw, 2003).
By multiplying Eq. 2.9 with ui the equation for the mean kinetic energy of the flow is
derived. By separating the mean from the turbulent part, and applying the rules of Reynolds
averaging as well as the Boussinesq approximation (density variations are negligible except



























































where Θv is the virtual potential temperature, and sij and s
′
ij are the mean and the turbulent
































describes the transport of kinetic energy due to pres-





ij describes the turbulent energy production as a kind of deformation work.
• −2νs′ijs
′









describes the buoyant production or consumption of energy.
The deformation work terms play the major role in redistributing energy from one point in




ij is usually negative forming a
source term for TKE. It causes the exchange of kinetic energy between the mean flow and
the turbulence, which is normally a loss to the mean flow and a profit to the turbulence.
This term is proportional to the eddy size, thus the kinetic energy which is taken from the
mean flow enters the turbulence mainly at the large scales which are comparable to the
characteristic length scale L0 of the flow.
Viscosity has a negligible effect on the energy introduced by the large eddies. The energy
is instead transported over a broad range of scales from the largest to the smallest scales,
which is called an energy cascade. The upper bound of this energy cascade is set by the
dimensions of the flow. The lower bound is set by the Kolmogorov length scale LK. It is
assumed that these smallest scales are similar for every turbulent flow. The Kolmogorov














where vK is the Kolmogorov velocity scale and τK is the Kolmogorov time scale. LK is related




At scales comparable to LK, which is approximately 1mm for atmospheric conditions, the
viscous dissipation term is dominant converting TKE into heat. This term is also called the
energy dissipation rate ε = 2νs′ijs
′
ij . The spectral energy transfer proceeds at a rate which
is imposed by the energy of the large eddies ∝ u′2 per time ∝ L0/u






Typical shallow cumulus clouds with u′ ≈ 1m s−1 and L0 ≈ 100m have energy dissipation
rates of ε ≈ 10−2 m2 s−3. The dissipative nature is characteristic for turbulence, and if no
energy is supplied, turbulence decays fast.
Another feature is the high level of fluctuating vorticity, which distinguishes turbulence from
other random fluid motions, as for example atmospheric gravity waves. The vorticity of a
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where ωi is related to the deformation rate ∂ui/∂xj , ǫijk is the Levi–Civita symbol, and























= sij + rij, (2.23)
where sij is the strain rate and rij is the rotation tensor. The large turbulence eddies, which
contain the energy from the mean flow, become subject to vortex stretching if exposed to a
strain rate field. This means that the vortex is lengthened in a three–dimensional turbulent
flow, which goes along with an increase of the component of the vorticity in the stretching
direction due to the conservation of angular momentum. This stretching of the vortex, which
can be seen as the eddy, leads to a decrease in the length scale, if the cross–section of the
eddy is taken as the scale. The vorticity, and therefore the energy of the then smaller eddy
increases, which leads to a flux of energy from the larger to the smaller scales.
Finally, when the length scale of the eddy is small enough, viscous dissipation starts to affect
the eddy and transfers energy to heat. The Taylor microscale λT forms the intermediate














By using ReT instead of Re it is possible to obviate the definition of a reliable length scale
L0. For large Re it is
ReT ∼ Re
1/2. (2.26)
For the discussed length scales it is found that
L0 ≫ λT ≫ LK. (2.27)
The range with scales greater λT is called the inertial sub–range, where viscous processes are
negligible. Scales shorter than λT belong to the dissipation range.
2.4 Droplet Growth by Water Vapor Diffusion and Collision
After a CCN particle becomes activated a cloud droplet grows by diffusion of water vapor onto
the droplet. Droplet growth by condensation is a fundamental process for the early stages
of cloud evolution when droplets are a few microns in size and collisions are not yet effective





Figure 2.1: Schematic of collision geometry between larger droplet with radius r1 and smaller droplet
with radius r2.
cloud droplet, which is characterized by spatial scales on the order of 10−3 m or smaller (Shaw,
2003). For droplet growth by condensation the water vapor pressure of the environment has
to be greater than the saturation vapor pressure of the droplet. As the water vapor condenses
heat is released which heats the droplet. As a consequence the saturation vapor pressure of
the droplet is increased reducing the vapor pressure gradient and therefore the diffusion of
water vapor towards the droplet. As the growth rate of the droplet is reduced the droplet








where r is the droplet radius, t is the time, S = e/es(T ) is the ambient saturation ratio with e
being the water vapor pressure and es(T ) being the temperature dependent saturation water
vapor pressure. FK and FD are thermodynamic terms describing the conduction of heat and
the diffusion of water vapor, respectively.
As can be seen from Eq. 2.28 droplet growth by condensation occurs rapidly at smaller
droplet sizes. With increasing droplet size this process becomes less efficient resulting in a
narrowing of the droplet size distribution ranging from approximately 2 to 20µm in diameter
(Pruppacher and Klett, 1997).
Further growth to drizzle drops and eventually into rain drops is achieved by collision–
coalescence. Collisions can occur due to Brownian motion, turbulent shear flows, or gravi-
tational sedimentation. The terminal velocity vt is the highest possible velocity of an object
falling through air. When an object reaches vt, drag force and buoyancy are equal to the
gravitational force. Therefore, vt of a droplet is proportional to its size. When a droplet
falls it will collide with a fraction of smaller droplets that are in its path. Some droplets will
be swept aside in the air stream around the larger collector droplet. The ratio between the
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number of collisions and the theoretical possible sweep–out due to the geometry is called the





Here, yc is the critical impact parameter, which gives the critical separation between the
drop centers within which a collision is certain to occur, and r1 and r2 are the radii of the
larger and the smaller droplet, respectively (see Fig. 2.1).
The collision kernel K, which describes the collisions between two droplets with radii r1 and
r1, is given by
K = π(r1 + r2)
2 E(r1, r2) |
−→v rel|, (2.30)
where |−→v rel| is the relative velocity of the two droplets. |
−→v rel| is determined by the terminal




2 | and therefore, it is
essential to have droplets of different sizes for this process to be effective. Due to different
fall speeds for droplets of different sizes large droplets fall faster compared to smaller droplets
and thereby overtake and capture a fraction of droplets that are in their path. This process
can only become significant if the droplet size distribution contains a range of droplet sizes
with a few droplets being as large as 40µm (Mason, 1971; Rogers and Yau, 1989). After the
onset of the collision–coalescence process droplet growth proceeds at an accelerating pace
and by the time some droplets have reached 60µm in diameter, collision–coalescence is likely
to be the dominant growth process (Rogers and Yau, 1989).
2.5 Small–Scale Turbulence Induced Droplet Spectra Broadening
At small scales in the range of cm to mm, where turbulence is known to be highly intermit-
tent (e.g., Davidson, 2004), processes occur that are fundamental to the microscale physics of
droplet growth and therefore affect the spatial and temporal variation in the droplet size dis-
tribution (Shaw, 2003). Research in this area goes back to the work of Saffman and Turner
(1956), who analyzed collisions between small droplets in a turbulent fluid. Different pro-
cesses occur in high–Reynolds flows, which on their own affect the NSD, but are also hard
to separate as they often work together. The most prominent mechanisms for small–scale
turbulence induced droplet spectra broadening are described below.
In a non–turbulent flow the distribution of cloud droplets would follow a random Poisson
distribution. Due to turbulence at scales close to the Kolmogorov length scale the spatial dis-
tribution of cloud droplets, which possess a non–negligible inertia, is rendered non–Poisson.
These turbulence–droplet interactions are two–way processes, where the turbulent flow may
not only influence the spatial distribution of the particles, but the particles may also modify
the properties of the flow (Vaillancourt and Yau, 2000).









with dvidt being the Lagrangian droplet acceleration, and ui and vi being the i–th components
of the fluid velocity and droplet velocity vector. The two terms on the right side of Eq. 2.31
represent the Stokes drag force and the gravitational force. τd is the time scale for a droplet






where ρa is the air density and ν ≈ 1.5 · 10
−5 m2 s−1 is the kinematic viscosity of air. τd
describes the time a droplet needs to reach 63% of its terminal fall velocity vt = τd · g in the
absence of air motion (Vaillancourt and Yau, 2000).
For small values of τd Eq. 2.31 can be solved as




where duidt is the Lagrangian fluid acceleration at the droplet location, which, in moderately
turbulent flows, can be of the same order of magnitude as δi3g and in some localized regions
even greater than δi3g (Shaw, 2003). Eqation 2.33 summarizes the following processes of
cloud droplet motion: droplets move with the surrounding air and at the same time have
a relative motion resulting from gravitational settling and from the inertial response of the
droplets to fluid accelerations (Siebert et al., 2010). Moreover, Eq. 2.33 is valid for droplet
motions in the small–Stokes–number limit, as droplet inertia is represented by the droplet









The Kolmogorov microscale τK is chosen because Lagrangian accelerations are dominant at
the smallest spatial scales of the flow (Shaw, 2003). The Stokes number describes how fast
a particle reacts to changing local flow conditions. St≪ 1 means that the droplets perfectly
follow the stream lines of a flow, causing a uniform distribution of the droplets. In the case of
St≫ 1 the droplets possess such large inertia, that they do not respond significantly to fluid
accelerations on the time scale of these accelerations. Maximum particle–flow interactions
are expected to occur when St ∽ 1 (Shaw et al., 1998; Vaillancourt and Yau, 2000). Typical
cloud conditions with ε ∼ 10−4 m2 s−3, ν ∼ 10−5 m2 s−1 and droplet diameters of 20µm yield
St ∼ 10−1.
The Froude number Fr quantifies the relative importance of the fluid acceleration to the





with σ2a = a0ε
3/2ν−1/2 being the variance of the Lagrangian fluid acceleration at the droplet
position, with a0 ≈ 5 (Siebert et al., 2010). Fr is independent of droplet properties and
depends solely on fluid properties. As a third dimensionless parameter the Settling parameter
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If Sv ≫ 1 the particle sediments rapidly through an eddy, thereby significantly decreasing
the turbulence–particle interaction. For Sv ≪ 1 sedimentation will not play a significant
role in reducing the turbulence–particle interaction.
Under the assumption that the fluid velocity field is incompressible, the divergence of the















where sij and rij are the strain rate tensor and the rotation tensor, respectively. Therefore,
the droplet velocity field is compressible for τd > 0, even though the fluid velocity field is
incompressible. Moreover, the droplet velocity field is divergent in regions of high vorticity,
and convergent in regions with a high strain rate (Shaw, 2003). This has consequences for the
spatial distribution of the droplets in the velocity filed. Under the assumption of no droplet













Using Eq. 2.37 in Eq. 2.38 implies that droplets tend to concentrate in regions of high strain
(low vorticity), whereas regions of high vorticity tend to be droplet free, see Fig. 2.2a and
Fig. 2.2b. This phenomenon is called preferential concentration. It is found by numerous nu-
merical studies that preferential concentration is most effective at St ∼ 1 (Shaw et al., 1998;
Vaillancourt and Yau, 2000). In Fig. 2.2c a two–dimensional segment of a direct numerical
simulation (DNS) of turbulence containing particles with a Stokes number of St ∼ 1 is shown
(Shaw et al., 1998). Regions with low particle concentrations can be seen, which correspond
to flow regions of high vorticity. The regions with high particle concentrations are identical
to flow regions with high strain (low vorticity).
Based on model calculations Shaw et al. (1998) found that preferential concentration can
significantly alter and broaden the droplet spectra. As a strong flux divergence of the droplets
from the tube occurs, the center of the tube is left almost free of cloud droplets. Consequently,
the competition for the available water vapor in the tube is reduced. If the vortex tube is
enclosed by a mean updraft, the supersaturation S will increase due to adiabatic expansion
and will peak in the center of the tube. The increase in S leads to the activation of new
droplets, which will immediately be spun out of the vortex tube. Therefore, this process is
not affected by self–limitation due to newly activated droplets that form potential sinks of
S. This allows for a continuous increase in S, which is only limited by the updraft velocity,
the vortex life time, and molecular diffusion. Also, the maximum value of S increases with
increasing vortex diameter. For a shallow cumulus cloud with an updraft of 5m s−1 and a
vortex tube with rv = 0.05m, a supersaturation of 10% is reached after 20 s.







Figure 2.2: Sketch of particle response on two characteristic turbulent velocity fields: (a) flow field
with a region of high vorticity and (b) flow field with a region of high strain. (c) Two–dimensional
view on a slice of a direct numerical simulation (DNS) of a turbulent flow field containing particles
of Stokes number St ∼ 1 after several eddy turnover times. The box in the upper right corner shows
the size of an average Kolmogorov eddy. Figures are adapted from Shaw et al. (1998).
increase the collision–coalescence rate, e.g., Pinsky and Khain (1997); Sundaram and Collins
(1997). But these simulations, as well as most computational studies, are limited to low
Reynolds numbers as computing time is directly proportional to Re. Regarding droplet
clustering at high Re, as observed in the atmosphere, results are still sparse, and experimen-
tal confirmation is rare (Collins and Keswani, 2004; Saw et al., 2008). Kostinski and Shaw
(2001) found droplet clustering in adiabatic cumulus cloud cores, while Lehmann et al. (2007)
found evidence for inertial droplet clustering in weakly turbulent clouds.
To quantify droplet clustering as a result of preferential concentration the pair correlation
function η(l) is a commonly used tool. η(l) describes the deviation from a perfectly random





where n(0) and n(l) are the number of droplets found in small volumes of width dl separated
by the distance l, n(0) · n(l) is the mean number of droplets separated by l±dl, and n2 is the
mean number of droplets for the analyzed series of droplet arrivals.
Positive values of η(l) describe particle clusters, meaning that if a droplet is observed at a
given position in a cloud, there is an increased possibility to find another droplet at distance
l away. Negative values of η(l) describe repulsion and the lower limit of η(l) is described as
η(l) = -1, e.g., for scales less than the diameter of the impenetrable particle (Shaw, 2003).
For perfect randomness it is η(l) ≡ 0 for all length scales.
In order to calculate η(l) from the measured droplet arrival time series the time series has to
be converted into a series of droplet distances. This is done applying the Taylor hypothesis,
which states that time lags ∆t between two consecutive data points can be transformed into
spatial distances ∆l using ∆l = v ∆t, where v is the mean droplet velocity. The resulting
series of droplet distances is divided into spatial segments δl, which are small enough to
contain only 1 or 0 droplets. To minimize the noise of η(l), which occurs naturally as a
result of the counting statistics, a scale dependent smoothing is applied, here in the form
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of octave binning (Davis et al., 1996). This way the variability of η(l) at larger scales is
reduced, whereas for the small scales the signal in η(l) remains largely unaffected.
The pair correlation function shows a distinct shape. For the dissipation range, l ≤ LK,
η(l) follows a power law for St < 1, if droplet clustering is observed (Chun et al., 2005). In
the inertial subrange, l > LK, η(l) ∼ 0 is usually found, except for cases with large–scale
inhomogeneities in N , which cause an offset in η(l) for all scales smaller than the scale of
the inhomogeneity.
2.6 Alternative Droplet Growth Mechanisms
Next to the classical droplet growth theory several processes are assumed to produce collector
droplets with sizes between D ∼ 20 – 40µm in short time. Two of the most prominent
processes, which are also investigated in this work, are presented in this section.
2.6.1 Giant Nuclei
A simple mechanism for the rapid production of collision–coalescence initiators is the exis-
tence of extraordinary large aerosol particles, so called giant nuclei (GN), which form a subset
of CCN (Johnson, 1982). Due to their larger size a larger cloud droplet forms automatically
on these GN. Especially sea salt particles are discussed to act as GN due to their hygroscopic
nature. Houghton (1938) was the first to identify sea–salt particles as likely candidates to
initiate the collision–coalescence process. They are formed during jet–droplet production
due to braking waves (Blanchard, 1983). Later, Woodcock (1952) presented measurements
that linked the distribution of weight of sea salt particles in cloud free air to the distribution
of raindrop sizes for varying salt content. He found that larger sea salt particles present near
the sea surface were also carried up to cloud level and their weight and number concentration
agree in part with the assumption that each sea salt particle becomes a rain drop. Moreover,
Woodcock (1953) found that the concentration of GN is a function of wind speed.
GN cover a dry diameter range of 1 to 20µm. If larger than 20µm they are called ultragiant
nuclei (UGN), see Beard and Ochs (1993). If a hygroscopic sea salt particle is exposed to
a relative humidity RH above their deliquescence RH it is possible that the particle can
grow to sizes above 40µm and start the collision–coalescence process. Especially, UGN with
initial sizes of D ≥ 40µm can grow by collision coalescence without previous growth by
condensation.
Based on model calculations Johnson (1982) found that naturally occuring particles are large
enough that they can initiate the collision–coalescence process if they are soluble. He further
stated, that in the case of maritime clouds the presence of large droplets formed directly
on GN or UGN may not be critical for the initiation of rain formation. In more stable
continental clouds, however, these particles may play an important role in producing pre-
cipitation. Several studies also found that an increase in the concentration of CCN particles
increases the effectiveness of GN and UGN to serve as collision–coalescence initiators, e.g.,
Feingold et al. (1999); Cheng et al. (2009).
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2.6.2 Turbulent Mixing at Cloud Edges
Theoretical Background
Turbulence–driven interaction between clouds and cloud–free air leads to entrainment and
subsequent mixing of environmental air into the clouds. This is an important mechanism
which affects cloud dynamics and microphysics (Baker et al., 1984). Therefore, entrainment
of dry air at cloud edge is thought to be a possible mechanism to broaden the droplet size
distribution and initiate precipitation in warm cumulus clouds (Small and Chuang, 2008).
The process of entraining and subsequently mixing sub–saturated environmental air into a
cloud occurs during the entire life of a cloud. It is observed to occur at all levels within
cumulus clouds, but especially the cloud–top regions seem to play a key role (Squires, 1958;
Paluch, 1979; Small and Chuang, 2008). The entrainment–mixing process causes strong in-
homogeneities at spatial scales ranging from 102 m to 1mm and at time scales from hours
to seconds (Blyth, 1993). Therefore, it influences the evolution of the droplet number size
distribution, which is closely linked to the formation of rain, the cloud depth, the cloud’s
radiative properties, and the cloud life time (Rogers and Yau, 1989).
The mixing process is driven by turbulence, where large eddies transport sub–saturated
air into the cloud. At length scales close to the Kolmogorov microscale LK the gradients
of e.g., temperature and humidity become sharp enough to result in their dissipation by
molecular diffusion (Broadwell and Breidenthal, 1982). This process generates a new ther-
modynamic environment which influences D and N in a variety of ways (Cooper, 1989;
Burnet and Brenguier, 2007). A differentiation between two mixing types is made which can





Here, τt is the time scale describing turbulent mixing and τr is the time scale needed for
the droplets to adjust to the new saturation field (Baker and Latham, 1979). For Da ≪ 1
the turbulent mixing is fast and the entire droplet population experiences nearly the same
thermodynamic conditions. This mixing type is called homogeneous mixing. If the evapo-
ration time scale is small compared to the mixing time scale (Da ≫ 1) only cloud droplets
close to the mixing interface will be affected. This mixing type is called inhomogeneous
mixing. Consequently, the different mixing types have different influences on the droplet
population. Homogeneous mixing affects D as well as N , whereas inhomogeneous mixing
influences mainly N . Both processes can coexist in a single turbulent cloud due to a broad
spectrum of mixing time scales that are present, with inhomogeneous mixing dominating at
large scales, and homogeneous mixing dominating at smaller scales (Lehmann et al., 2009).
The mixing time scale is given by scaling arguments as (Baker et al., 1984;
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However, the determination of a mixing time scale is not straight forward because turbulent
flows are characterized by a continuous range of time scales that can be associated with
vortex structures of different sizes or shear layers within the flow (Lehmann et al., 2009).
Therefore, there is no consensus about what length scale is appropriate to use.
For the reaction time scale it has proven to be most convenient to use the phase relaxation
time τp, which is the time scale for the water vapor mixing ratio to adjust toward saturation
for a droplet population with constant radius and number concentration dispersed in air of





Here, D = 2.16 · 10−5 is the temperature dependent diffusivity constant at 270K, which
incorporates the self–limiting effect of latent heat release.
Evaporation, which is a direct consequence of entrainment, will only lead to broadening
of the droplet size distribution towards smaller sizes. Therefore, enhanced droplet growth
must be a result of later stages of the entrainment–mixing process. Especially if a cloudy
parcel was affected by inhomogeneous mixing, the formation of collision–coalescence initiators
is likely. If, after the mixing event, the parcel is lifted in an updraft it will experience
higher supersaturation than its neighboring undiluted cloud parcels because of the reduced
droplet number. Consequently, the droplets can grow to larger than average sizes. Several
numerical studies support this theory, e.g., Baker and Latham (1979); Lasher-Trapp et al.
(2005); Krueger et al. (2006). Also, a widening towards smaller droplet sizes will occur if
fresh CCN are entrained and activated in the rising parcel (Krueger, 2008).
Discussions were also made regarding the importance of the cloud region, where entrainment
takes place. Small and Chuang (2008) analyzed the cloud droplet data obtained during
RICO and found that cloud–top entrainment appears to be essential for the formation of
collision–coalescence initiating droplets.
The Mixing Diagram
A way to differentiate between the different mixing types without having to define a mixing
length scale L0 is to display the cloud data in form of a so called mixing diagram, which
was first introduced by Burnet and Brenguier (2007). In these diagrams D3v,n is plotted
as a function of Nn for individual clouds. The product of these two parameters gives the
normalized LWC. Therefore, in these diagrams the distribution of LWC over cloud droplet
number and size is shown. Normalized values are used to compensate changes due to small
altitude variations during measurements, see Sec. 2.1.
Figure 2.3 shows an example of such a mixing diagram. Solid lines represent so called homo-
geneous mixing lines. These lines show the variation of D3v,n and Nn during a homogeneous
mixing process where environmental air with a certain RH is entrained. As a result the size
distribution is shifted towards smaller diameters and some droplets evaporate completely
which reduces N . These isolines are calculated using the conservative variables total water
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Figure 2.3: Example of a mixing diagram of D3v,n vs Nn. Solid lines represent homogeneous mixing
lines. These lines correspond to the variation of D3v,n and Nn during homogeneous mixing for different
values of RH in the entrained environmental air. Hypothetical ambient RH values range from 80%
to 100%.
mixing ratio q and liquid water potential temperature Θl which can be calculated for the
cloudy and environmental air.
For the calculation of the homogeneous mixing lines a cloud fraction ξ, which ranges from 0 to
1, is defined. Under the assumption of constant air density the droplet number concentration
of a cloudy parcel is diluted proportionally to the fraction of entrained air N = ξNad. By
varying ξ the total water mixing ratio q is calculated for different stages of dilution
q = ξqc + (1− ξ)qenv (2.43)
Here, the subscripts c and env represent in–cloud and environmental values. Θl is determined














The variation of ξ also presupposes that Θl,sat = Θl,subsat, which allows to calculate the
LWC. Using equation 2.2 allows for calculating D3v.
Figure 2.3 shows an example of such a mixing diagram including four given iso–lines for dif-
ferent environmental RH values ranging from 80% to 100%. Obviously, with increasing RH
the mixing lines approach the horizontal line for inhomogeneous mixing, and for RH = 100%
the mixing line is identical with this inhomogeneous mixing line. Therefore, the interpreta-
tion of such mixing diagrams becomes ambiguous if the entrained air is close to saturation.
If [Nn;D
3
v,n] data points fall on this line, pure dilution of the cloud droplet concentration will
be the dominant process regardless of the type of mixing process.
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Figure 2.4: Example of a mixing diagram of an artificial cloud. Solid lines represent homogeneous
mixing lines corresponding to the variation of D3v,n and Nn during homogeneous mixing for different
values of RH in the entrained environmental air. The vertical bar marks the spread ∆D3v,n of the
D3v,n values.
Statistical Approach to Analyze Mixing Processes
The mixing diagram introduced in the previous section is a useful tool to analyze the mixing
process of individual clouds. To apply a statistical investigation of a cloud population, this
method has to be refined. Therefore, two approaches are developed and used in this work to
quantify the mixing type.
The first method is based on the distribution of the [Nn;D
3
v,n] values in the mixing diagrams.
The spread in the droplet size, ∆D3v,n, which is defined as the maximum minus the minimum
value of D3v,n for a single cloud, is determined for each diagram individually, see Fig. 2.4.
Large ∆D3v,n values are taken as an indicator for homogeneous mixing, whereas small values
represent inhomogeneous mixing. Therefore, based on the mixing diagram the mixing type of
each individual cloud is represented by one single value. This allows for a statistical analysis
of a cloud field.
As another strategy, a Dv–susceptibility α is defined based on the principles introduced by
Feingold et al. (2001). This quantity describes the relative change in D3v,n related to the











The graphical analysis is done using a log–log diagram. A large value of α denotes a large
change in the droplet size as the droplet number changes. This indicates homogeneous
mixing. A small value of α refers to rather inhomogeneous mixing.
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3 Experimental
In this chapter instrumentation used to obtain data essential for the upcoming analysis is
introduced and briefly described. All instruments are located on the measurement system
ACTOS, which is introduced in Sec. 3.1. Instrumentation to derive cloud microphysical
properties are described in Sec. 3.2, with the focus being on the Phase Doppler Interferometer
as the main device used in this work. Measurement instruments of basic meteorological
parameters are presented in Sec. 3.3, and instrumentation used to obtain aerosol data is
described in Sec. 3.4.
3.1 Measurement System ACTOS
The Airborne Cloud Turbulence Observation System (ACTOS; Siebert et al., 2006a), see
Fig. 3.2, is a platform which is carried as external cargo by a helicopter. The relatively slow
TAS of 20ms−1 coupled with high frequency measurements (most instrumentation installed
on this platform operates at a sampling frequency of 100Hz) allows for a spatial resolution
down to the decimeter scale.
ACTOS is located below the radiation measurement system SMART–HELIOS
(Werner et al., 2013) by means of a 140m long rope, see Fig. 3.1. SMART–HELIOS in
turn is attached to a helicopter using a 20m long rope. During cloud measurements AC-
TOS dips into the clouds while SMART–HELIOS stays above the clouds, enabling collocated
measurements of cloud microphysical and radiative properties. Moreover, turbulence param-
eters, meteorological data, as well as aerosol properties are measured with instrumentation
installed on ACTOS.
ACTOS is approximately 5m long and has a weight of 200 kg. Its main body consists of
five 19” standard racks which hold most of the sensor electronics, power supplies, and data
acquisition systems. ACTOS operates as an autonomous system transmitting data to the
helicopter via a telemetry connection which enables online monitoring of the data. The
time for a measurement flight with ACTOS is limited to two hours and the platform can be
operated up to an altitude of about 3000m.








Figure 3.1: Sketch of the measurement set–up containing SMART-HELIOS and ACTOS located

















Figure 3.2: The Airborne Cloud Turbulence Observation System (ACTOS).
3.2 Cloud Microphysical Measurements
The two instruments on ACTOS, the Particle Volume Monitor (PVM–100A) and the Phase
Doppler Interferometer (PDI), which provide information about cloud microphysical proper-
ties, are described in this section. Because the upcoming analysis is more focused on cloud
droplet data obtained by the PDI, this instrument is described in more detail. Finally, an
intercomparison of both instruments is presented, which is based on two case studies.
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3.2.1 The Particle Volume Monitor
The Particle Volume Monitor (PVM–100A, Gerber et al., 1994), the A indicating that this is
the airborne version, is an optical instrument that derives LWC, particle surface area PSA,
and derived droplet effective radius reff from a droplet population in water clouds. The
device consists of a sampling tube which faces into the wind direction during the flight. To
the left and right side of the tube cylindrical housings are mounted. A sketch of the optical
components located in the cylindrical housings is shown in Fig. 3.3. The longer housing
contains a laser–diode light source and collimating optics. In the shorter housing optics and
detectors for the LWC and PSA channels are located. The laser beam passes through the
sampling tube where it irradiates a sample volume of 1.25 cm3. Cloud droplets that pass
the sample–volume scatter light into the near–forward direction where it is collected by a
lens which focuses the light onto a variable–transmission filter and sensor for each channel.
One filter converts the scattered light into a signal proportional to the LWC. The second
filter produces a signal which is proportional to the PSA. Both quantities are related to the









where Ni denotes the droplet number concentration per ∆r bin. The droplet effective radius























The output of the PVM–100A are the voltages ULWC and UPSAfor both LWC and PSA,
respectively. ULWC already provides LWC in units of gm
−3, whereas for UPSA the scaling
factor of 2980 has to applied so the PSA will be in units of cm2m−3. Consequently, reff is










UPSA/V · 10−4 · 2980











The scattered light is weighted such that the photodetector signal is directly proportional to
the LWC and the PSA for particle populations with a mean volume diameterMVD ranging
from 4 to 20µm. For droplets with a MVD larger than Dv = 20µm the efficiency of the
PVM–100A begins to decrease, which results in an underestimation of LWC (Arends et al.,










Figure 3.3: Sketch of the main optical components of the PVM–100A, adapted from Gerber et al.
(1994).
3.2.2 The Phase Doppler Interferometer
Technical Description
The Phase Doppler Interferometer (PDI) Flight Probe is a laser–based diagnostic device
which simultaneously provides information on the size, velocity, and time–of–arrival of indi-
vidual droplets. It was first developed for the field of spray diagnostics. The PDI used in
this work is a custom product designed by Artium Technologies Inc. modified in terms of
weight for measurements on ACTOS. The device detects droplets in the diameter range of
1–180 µm with an uncertainty of ± 1µm (Chuang et al., 2008).
The instrument operation is based on the principles of light scattering interferometry which
utilizes the wavelength of light as the measurement scale. This method provides very high
resolution and accuracy (Bachalo, 2000). Moreover, it has the advantage that the accurate
determination of the droplet size and velocity is independent of any laser beam attenuation
or changes in light intensity, because light–beam extinction only affects the detectability of
droplets. That is, the signal amplitude does not affect the accurate determination of the
droplet size, but the signal–to–noise ratio has to be sufficient to ensure a reliable detection
and measurement of the smallest droplets to not bias the particle counting (Bachalo, 2000).
Therefore, the performance of the instrument is not as easily compromised under conditions
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of contaminated optics compared to devices which use the light scattering intensity infor-
mation for the estimation of the droplet size. A further advantage is the reduced need for
calibrations (Chuang et al., 2008). All parameters which affect the measurements, e.g. the
laser wavelength λ, the beam intersection angle γ, the transmitter and receiver focal lengths,
and the detector separation s, do not change over time making additional field calibrations
unnecessary (Artium Technologies, 2010).
The device consists of a polarized laser with λ = 532 nm, whose beam is split into two focused
beams of equal intensity, see Fig. 3.4. By means of a transmitter lens these two beams
intersect at a known angle γ, and the intersection area forms the sample–volume (SV). A
frequency shift is used to shorten the frequency dynamic range and resolve the direction
















Figure 3.4: Scetch of the PDI instrument, adapted from Bachalo (2000).
As a droplet passes through the SV, it scatters light. The signal is detected by the receiver,
which is situated at an off–axis angle θ of 30◦ (Artium Technologies, 2010), see Fig. 3.4.
The receiver’s optical axis is in a plane that passes through the intersection area of the two
beams, and is orthogonal to the plane formed by these two beams. The use of an off–axis
angle allows for the reduction in size of the SV, which in turn reduces coincidence and allows
measurements in sprays having number densities at least an order of magnitude larger than
those measured with single–particle detection methods utilizing on–axis detection (Bachalo,
1980). Furthermore, droplets that pass through the beams outside of the intersection area
are not detected (Bachalo, 1980).
The receiver images the collected light onto three detectors separated by fixed spacings.
A number of three detectors is essential to avoid phase ambiguity, meaning that there are
undetected measurements over more than 360◦ in phase shift, and to improve signal validation
(Bachalo, 2000; Chuang et al., 2008). In the receiver a single aperture is used which restricts
the detection of light scattered from areas other than the SV (Bachalo and Houser, 1984). A
frequency and phase signal processor accepts the analog signals from the photodetectors and
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amplifies and filters them. It performs digital and analog signal detection and presents the
information to the computer via a high–speed interface card (Artium Technologies, 2010).
To control the instrument and process the data a software called AIMS is used which is also




Figure 3.5: Two light rays refracted on a spherical particle with refraction index m2 which cross
each other at point P .
Signal Description
When a particle passes through the SV, light rays from the two laser beams enter at different
angles and pass through the droplet on different paths to reach an intersection point P
at the plane of the detector, see Fig. 3.5. As a result of these different path lengths in
the droplet interior, a phase shift is created that results in an interference pattern in the
surroundings of the droplet, which is produced by the scattered light. This fringe pattern
moves at the Doppler difference frequency, which is a function of the beam intersection angle
γ, the wavelength λ, and the droplet velocity v (Bachalo and Houser, 1984). The temporal
frequency of the interference fringe pattern produced by the scattered light is proportional
to the droplet velocity and the spatial frequency is inversely proportional to the droplet
diameter.
When setting up an instrument for a specific droplet size range, the beam intersection angle
γ is used as one parameter to meet this requirement. At the laser beam intersection, an






Therefore, v can be derived using
v = δ · fD, (3.11)
where fD is the Doppler shifted frequency (Chuang et al., 2008). The intensity distribution
of the interference pattern exhibits a characteristic pattern consisting of two components
when projected onto a plane: a low–frequency Gaussian profile resulting from the Gaussian
profile of the two laser beams, and a high–frequency sinusoidal pattern resulting from the
constructive and destructive interference between the two laser beams (Chuang et al., 2008).
The unique sinusoidal signals recorded by the photodetectors are called Doppler bursts, see
Fig. 3.6. These signals can be easily detected even in the presence of noise using Fourier
analysis (Artium Technologies, 2010). To obtain a valid signal the droplets have to satisfy
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Figure 3.6: Simulated photodetector signal, called a Doppler burst signal.
certain criteria: optical homogeneity at a length scale small relative to the droplet size, a
known refractive index, and a shape close to spherical (Chuang et al., 2008). These criteria
are met under most realistic conditions for the case of water droplets in the size range of
2µm to 1mm (Chuang et al., 2008).
The photodetectors are located in the fringe pattern or an image of it. Due to the known
detector spacing s the detectors observe the fringe pattern at different locations as it passes
by, see Fig 3.7. As a result the signals reported by the detectors in the time domain are similar
Figure 3.7: Detection of the interference pattern by two photodetectors where λ is the wavelength
of the laser signal and s is the detector spacing (upper part). In the left upper corner the complete
detector setup is shown. The lower part shows the resulting phase shift φ between the signals from
detectors D1 and D2.
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where φ is the phase shift between two signals. One interference fringe corresponds to
a measured phase shift of 360◦. The spacing of the interference fringes, δ, is inversely
proportional to the droplet diameter. Therefore, measurements of the phase shift are related
to the droplet diameter using a phase diagram as seen in Fig. 3.8. Here, the droplet diameter
is shown at the abscissa, whereas the phase shift is reported at the ordinate. The phase shift
φ12 (illustrated in blue) between detectors D1 and D2, which are closely spaced, follows the
line with the smaller slope in the diagram. For the detectors with the largest spacing, D1
and D3, the phase shift φ13 (illustrated in red) follows the curve with the greater slope.
The advantage of such an arrangement is that phase ambiguity can be avoided, meaning the
phase can be measured for detector separations that extend over several fringes (Bachalo,
2000).
Figure 3.8: Phase diagram to determine the droplet diameter D from the phase shift between three
spatially separated detectors. The red line shows the relation between phase shift φ13 and D for the
detector pair D1 and D3, the blue line shows the relation between φ12 and D for D1 and D2, and the
black line shows the relation between φ23 and D for D2 and D3.
The issue of trajectory errors, meaning the phenomenon of having significant superposition of
scattered light intensity by refraction and by reflection due to the relative incident intensity
at the point on the droplet refracting the light and the point reflecting the light, has to be
taken into consideration. When a cloud droplet interacts with incident laser light different
processes take place. To describe these processes the theory of geometric optics can be
applied for spheres larger than the wavelength of the incident light. Part of the incident
ray is reflected at the droplet surface (p=0), see Fig. 3.9. Due to the different refractive
index m2 of the droplet compared to its surroundings, m1, a part of the incident ray is
refracted at the interface between droplet and surrounding air (p=1), reflected internally
and then refracted in the backward direction (p=2). The relative amount of the scattered
light intensity produced by reflection and refraction for a Gaussian beam intensity depends
on the trajectory of the particle through the beam, i.e, how far from the center the particle
traverses, and the ratio Γ of D to the diameter of the focused beams at the sample volume
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D0 (Bachalo, 2000)
Γ = D/D0. (3.13)
In the case of Γ ≪ 1 the droplets can be assumed nearly uniformly illuminated, which almost
completely eliminates the effect of the trajectory error. In the case of Γ = 1 the trajectory
error becomes most significant. The scattering intensities from refraction and reflection
are in or close to the same order of magnitude and produce complex interference fringe
patterns which show a progressively increasing error (Bachalo, 2000). If Γ ≫ 1 then the three
detector logic will reject measurements from light scattered by reflection when refraction is
expected. The interference fringe patterns move in the opposite direction between refracted
and reflected light. In this case the relationship between φ12, φ13, and φ23 will no longer
pass the comparison criteria. Therefore, these samples will be rejected (Artium Technologies,
2010). To avoid the impact of reflection the light scatter detection angle θ is set to 30◦, where








Figure 3.9: Geometrical diagram showing the deflection of light rays incident on a spherical particle
with a different refraction index m2 compared to its surrounding (m1).
Necessary Corrections
To determine volume dependent variables such as N , Dv, and LWC from PDI data, an
accurate definition of the measurement cross–section and SV over which the droplets are
being measured is necessary. The shape of the SV can be approximated as being a cylinder
with oblique ends. Due to the Gaussian nature of the laser beam intensity profile the size
of the SV (diameter of the cylinder) depends on the distance the droplet traverses from
the center of the laser beams. The intensity of the scattered light I, which is measured by
the detectors, is proportional to the incident light intensity I0 times the droplet diameter
squared: I ∝ I0 ·D
2. Consequently, larger droplets are detected over a larger cross-sectional
area compared to the smaller droplets. Therefore, the SV is dependent on the focused laser
beam diameter, the slit aperture width, and the droplet size. Hence, the sampling statistics
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must be corrected by applying a so called Probe Volume Correction (PVC) to account for
an underestimation of the smallest droplets (Bachalo, 2000).
To detect a droplet a minimum amount of light scattered onto the detectors is needed, which
forms an intensity cut–off corresponding to a maximum distance from the laser beam center
for individual droplet size classes (Artium Technologies, 2010). The Artium PDI has an in
situ method for measuring the SV cross sectional area. Determination of the effective SV
cross–section for each size class requires an accurate measurement of the transit time, which
is comprised of the time interval a droplet is detected within the SV. This information is
included for each recorded droplet. By multiplying this time interval with the droplet velocity
the path length in the SV can be determined for each droplet transiting the SV. The PDI
software analyzes all droplet path lengths statistically to determine a probe volume diameter
PV D(D) for each size class as well as a maximum probe volume diameter PV D(Dmax).





where Ar is the resultant aperture size, which is calculated using the aperture A size within
the receiver and the focal lengths of the receiver lenses RL1 and RL2: Ar = A(RL1/RL2)
(Artium Technologies, 2010).
The PVC factor for each size class, PV C(D), is determined by calculating the ratio be-
tween the maximum PA corresponding to the largest observed droplet diameter to the PA






Using PV C(D) the number of droplets in each size class is corrected for the varying SV:
nc(D) = n(D) · PV C(D), where n(D) is the number of droplets in a certain size class, and
nc(D) is the respective corrected number. After this correction is applied volume dependent























where i denotes the size class index, ttot is the integration time, and |vi| is the average
absolute droplet velocity per size class.
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(a) DPDI = 25.9µm +/− 0.2µm












(c) vPDI = 1.51ms
−1 +/− 0.02ms−1
































Figure 3.10: Time series and histogram of droplet diameter D and droplet velocity v of droplets
generated by a monodisperse droplet generator and measured by the PDI. The mean values and
standard deviations are given.
Characterization
To characterize the PDI with respect to its size and velocity accuracy of liquid water droplets
measurements are performed at the Physics department of the University of Mainz in 2011
using droplets generated by a monodisperse Piezo droplet generator (Molleker, 2013). The
nozzle used for the droplet generator can produce droplets with D in the range of 25µm –
50µm, depending on the applied voltage. Examples of two different measurements performed
by the PDI using different droplet sizes are shown here. The Piezo setup provides droplets
in the size range comparable to observations made during CARRIBA, the campaign that
provided data for the upcoming analysis, where clouds exhibit high concentrations of droplets
with D ≈ 25µm – 35µm. Due to the production of quasi–monodisperse droplets the Piezo
setup allows for the characterization of the stability of the PDI measurements, as defined by
the standard deviation of measured D and v.
Figure 3.10 shows the time series and histograms of both, D and v, as measured with the
PDI, for the first Piezo setup. The measured droplet size is very constant over the sampling
period with a small standard deviation of 0.2µm, see Fig. 3.10(a). For the droplet velocity
shown in Fig. 3.10(c) the results also show a high stability in the measured droplet velocities
with a very small standard deviation of 0.02m s−1. In the histograms of D and v these
findings become especially obvious, see Fig. 3.10(b) and Fig. 3.10(d).
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(a) DPDI =34.3µm +/− 0.1µm












(c) vPDI = 2.24ms
−1 +/− 0.01ms−1
































Figure 3.11: Time series and histogram of D and v of droplets generated by a monodisperse droplet
generator and measured by the PDI. The mean value and standard deviation are given.
For the second Piezo setup the droplet generator was set to generate slightly bigger droplets.
Again D and v measured by the PDI are relatively constant over time with very small
standard deviations, see Fig. 3.11.
The droplet generator was adjusted to produce water droplets of a certain size with relatively
high stability. Nevertheless, oscillations of the droplets occurred over time, and therefore, a
part of the observed variability might be caused to the droplet generator itself. The PDI data
exhibit a high stability for the D and v measurements, and the observed standard deviations
can be seen as an estimate for the measurement uncertainties of D and v with ± 0.2 µm for
D and ± 0.02m s−1 for v.
3.2.3 Intercomparison PDI and PVM–100A
As mentioned in Sec. 3.2.1 the efficiency of the PVM–100A decreases with increasing MVD
which leads to an underestimation of LWC if theMVD is larger than 20µm. Because trade
wind cumuli are characterized by rather large droplet sizes due to clean maritime conditions
it is to be expected that the MVD mostly exceeds a size of 20 µm. This motivates an
intercomparison of the PDI and the PVM–100A.
Cloud droplet size distributions obtained from the research flight on 24 November 2010 are
shown in Fig. 3.12a and from 22 November 2010 in Fig. 3.12c. Some meteorological and
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Table 3.1: Comparison of meteorological and cloud microphysical parameters during research flights






h [m] 2253.57 954.17
LWC [gm−3] 0.48 0.21
N [cm−3] 75.32 96.32
Dv [µm] 21.7 15.1
Figure 3.12: (a) Cloud droplet size distribution including the mean MVD Dv of all sampled clouds
and (b) correlation between LWC derived from the PVM and the PDI from the measurement flight
on 24 November 2010. The red line represents the 1:1 line, and the green line represents a linear fit
through the data. s gives the slope of the linear fit. (c) and (d) show the same as (a) and (b) for the
measurement flight on 22 November 2010.
cloud microphysical parameters are given in Tab. 3.1 for both measurement flights. As
can be seen the mean CCN concentration in the SCL and the sea surface temperature were
comparable. But on 24 November the mean altitude of cloud observations was significantly
lower with about 954m asl, whereas on 22 November clouds were sampled at a mean altitude
of about 2254m above sea level (asl). Because the Dv increases with increasing altitude, Dv
is larger for the flight on 22 November. A difference of approximately 6µm can be observed
for Dv of both flights.
In Figs. 3.12b and 3.12d the correlations between the LWC calculated from the PDI data and
3.3. MEASUREMENTS OF BASIC METEOROLOGICAL PARAMETERS 35
the LWC obtained by the PVM is shown. Moreover, the slope s of a linear fit through the
data is given. Obviously, for the smallerDv both instruments give a similar LWC, as s = 0.95
is close to 1. In the case of the larger Dv the LWC measured by the PDI is significantly
larger, as can be seen by s > 1. This example shows the underestimation of LWC by the
PVM-100A if Dv exceeds a certain size range of ∼ 20µm. But even though the LWC data
obtained during 24 November are close to the 1:1 line, there are still small differences between
the data from the two measurement probes, which can mainly be attributed to the differences
in sampling geometries (Feingold et al., 2006). In this work LWCPVM is not corrected for
situations where larger cloud droplets are present, instead LWCPVM is only used for cloud
detection. If the absolute value of LWC is necessary LWCPDI is used, which is estimated
from droplet measurements integrated over 1 s.
3.3 Measurements of Basic Meteorological Parameters
In this subsection instrumentation for measurements of basic meteorological parameters is
presented. For more detailed information the reader is referred to Siebert et al. (2006b,
2013), as well as respective manuals for individual instruments.
3.3.1 Wind Measurements
An ultrasonic anemometer–thermometer (hereafter called sonic) measured the wind velocity
vector as well as the speed of sound along three collocated paths. Here, a Solent HS sonic
manufactured by Gill Instruments Ltd. was utilized. Six transducers which are orientated
by pairs on three axes operate as emitters as well as receivers for ultrasound pulses with a
duration of less than 1ms. The propagation time of the pulses is determined by the speed of
sound and the velocity of the air along the axis formed by the transducer pairs. By measuring
this propagation time along the three axes the components of the three–dimensional wind
vector are derived with a resolution of ∆−→u = 0.01m s−1. Utilizing the dependence of the
speed of sound on the virtual air temperature and averaging the speed of sound derived from
the three transducer pairs, the mean virtual air temperature is obtained with a resolution
of ∆Tv = 0.01K. Here, a sampling frequency of 100Hz was applied to the measurements.
Further information is given in Gill Instruments Ltd. (2004) and Siebert and Muschinski
(2001).
To obtain the wind vector for an Earth–fixed system the sonic data are corrected for attitude
and platform velocity (Siebert et al., 2006b). The platform motion in terms of attitude,
lateral velocity, and position, is determined with high accuracy at a sampling frequency of
100Hz by a navigation system. This system consists of (i) an inertial navigation system (INS,
iNAV by iMAR Navigation GmbH, St. Ingbert, Germany), composed of three orthogonally
fixed fibre–optic gyros and accelerometers, and (ii) a differential global positioning system
(dGPS, Vector Pro by CSI Wireless, Inc., Calgary, Canada).
To obtain the horizontal wind velocity with higher resolution a one–component hot–wire
anemometer from Dantec Dynamics A/S was installed (Dantec Dynamics, 2012). The mea-
surement principle is based on a constant wire temperature. Due to wind velocity convective
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heat is transferred from the wire to the flow field. The amount of advected convective heat is
proportional to the wind velocity. A more detailed description of the measurement principle
can be found in Wendisch and Brenguier (2013).
3.3.2 Temperature Measurements
The air temperature is measured using a commercially available resistance thermometer
Pt100 manufactured by Rosemount. The device consists of a platinum wire with a temper-
ature dependent resistance of 100 Ω at T = 0 ◦C. Therefore, the temperature can be derived
from changes in the resistance. The resolution of the Pt100 is 1Hz and thus rather low, but
the device offers a high absolute accuracy.
For high resolution temperature data an Ultra–Fast Thermometer (UFT) from Dantec Dy-
namics A/S was installed on ACTOS. The UFT is a modified version of the instrument
described by Haman et al. (1997). It is also a resistance thermometer and based on the same
principles as the Pt100. The wire has a diameter of ∼ 2.5µm, a length of ∼ 1.25mm, and a
resistance of ∼ 5Ω. The device has a sampling frequency of 500Hz. A shielding rod in front
of the wire prevents droplet impacts on the sensor. Also, a wind vane behind the sensor
adjusts its position upwind and the system as a whole is rotatable allowing it to follow the
local instantaneous flow.
A dew point mirror type TP3-ST manufactured by MeteoLabor AG measured the dew point
temperature. A mirror plane is cooled electrically until the condensation point of water vapor
is reached and optical reflectivity on the mirror is reduced due to condensation. Two ther-
mocouples measure the corresponding dew point temperature as well as the air temperature
with a resolution of 1 s.
3.3.3 Humidity Measurements
The relative humidity RH is measured using a HUMICAP sensor manufactured by Vaisala.
The HUMICAP is a capacitive thin–film polymer sensor consisting of a glass substrate on
which a thin–film polymer is deposited between two conductive electrodes. The thin–film
polymer absorbs or releases water vapor as the RH of the ambient air changes. Its dielectric
properties depend on the amount of absorbed water. Therefore, RH changes around the
sensor change the dielectric properties and thus the capacitance of the sensor, which is then
converted into a humidity reading. The HUMICAP and a further Pt100 are placed in an
open tube which faces into the mean wind and protects both instruments from direct solar
radiation, which would lead to biases in the obtained data.
An open path CO2/H2O Analyzer LI-7500 manufactored by LI-COR, Inc. provides data of
absolute humidity a (LI-COR Inc., 2009). The measurement principle is based on infrared
absorption of water vapor and CO2 molecules as described by the Lambert–Beer law. Here,
only information about the H2O absorption is used with a sampling frequency of 20Hz for
the serial outlet. The device has a small sensor geometry with a 12.5 cm long pathway for
reduced flow distortion. One side of the path way consists of an infrared radiation emitter,
the other side detects the reduced radiation with a lead selenide detector.
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3.3.4 Air Pressure Measurements
To measure the static air pressure a PTB220 digital barometer manufactured by Vaisala
is installed on ACTOS. The device uses a Vaisala BAROCAP sensor, which is a silicon
capacitive absolute pressure sensor with an accuracy of ±0.2 hPa at 20 ◦C. Air pressure
measurements were performed at a sampling frequency of 10Hz and a resolution of 0.01 hPa
yielding a barometric height resolution of 8 cm.
3.4 Aerosol Particle Measurements
3.4.1 Aerosol Particle Counters
On ACTOS aerosol particle number size distributions in the range of 6 nm to 2.5µm are
measured using a Condensation Particle Counter (CPC, model 3762A, TSI Inc.), a Scanning
Mobility Particle Sizer (SMPS), and an Optical Particle Counter (OPC, model 1.129, Grimm
Aerosol Technik). Through an inlet, which consists of a horizontally orientated tube that
is curved 90 ◦ to the mean flow direction the sample flow is led through a diffusion dryer
with RH < 50% and then divided into the three lines for the individual aerosol instruments
(Wehner et al., 2010; Ditas et al., 2012). Due to the inlet geometry particles and cloud
droplets with a diameter greater than 5µm will not enter the system, which ensures exclusive
sampling of interstitial aerosol particles.
A CPC detects and counts single aerosol particles which are used as condensation nuclei to
create droplets which are large enough to be detected by an optics system. The nucleation
process is initiated by cooling due to thermal diffusion. The aerosol particles are led through a
hollow block of porous material, which is in contact with the working fluid (n–butyl alcohol).
This block is heated, which ensures a high vapor content of the working fluid. Afterwards the
particles in the humidified air are led through a cooled condenser, where nucleation occurs
due to supersaturation. The supersaturation, and therefore the minimal size of the particles
that will be detected, is controlled by the temperature difference between the heated block
and the cooled condenser. The CPC operated on ACTOS detects particles that are grown
to sizes D > 6 nm. Using the sample flow rate the aerosol particle number concentration Na
is derived.
The SMPS is custom–build to reduce weight and power consumption for operation on AC-
TOS, and it is autonomous with respect to flow control and measurements (Wehner et al.,
2010). It consists of a neutralizer, a Differential Mobility analyzer (DMA), and a CPC. The
DMA selects size classes of particles based on the physical principle that the ability of a
particle to pass through an electric field is related to the size of the particle. Therefore, the
particles are electrically charged, then size selected by the DMA, and finally counted by the
CPC. The SMPS measures particles in the size range of 6 nm < D < 250 nm with a time
resolution of 120 s and an uncertainty of ±10%.
The OPC measures particles in the size range of 250 nm to 2.5µm with a sampling frequency
of 1Hz. This device is based on the scattering of laser light due to aerosol particles. By
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counting the pulses as the particles pass through a laser beam, their number can be derived.
Also, the intensity of the scattered light is used to determine the particle size.
For a more detailed description of the aerosol instrumentation installed on ACTOS the reader
is referred to Wehner et al. (2010).
All Na data are corrected with respect to standard pressure and temperature (called STP
correction). Because the volume of air is dependent on the ambient pressure and temperature
a STP correction is necessary to make the measured data comparable to other data sets. The
corrected particle concentration Na,STP is derived using







where ps = 1013.25 hPa and Ts = 273.15K, and Na, p and T are the measured particle
concentration and ambient pressure and temperature.
3.4.2 mini–CCN Counter
A continuous–flow CCN counter with a small geometry was developed by Roberts and Nenes
(2005). This so–called miniCCN counter can operate between 0.1 and 3% supersaturation.
The device consists of a cylindrical continuous–flow thermal–gradient diffusion chamber.
Supersaturation is established by creating a constant streamwise temperature gradient so
that the difference in water vapor and thermal diffusivity yields a quasi–uniform centerline
supersaturation. The continuous flow allows for fast sampling with at least one sample per
second, which is suitable for airborne operation. By modifying the temperature gradient
and the flow through the column the supersaturation can be set. For measurements during
CARRIBA the supersaturation was set to a fixed value of 0.262%. The uncertainty in the
CCN number concentration NCCN of about 10% is mainly limited by the counting statistics.
The presented NCCN are STP corrected.
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4 Measurement Campaign CARRIBA
The analysis presented in this work is based on measurements performed during the measure-
ment campaign Clouds, Aerosol, Radiation and tuRbulence in the trade wInd regime over
BArbados (CARRIBA). In Sec. 4.1 the measurement environment is described, as well as the
measurement strategy. Meteorological conditions are summarized in Sec. 4.2 and a charac-
terization of observed aerosol particles is given in Sec. 4.3. Cloud microphysical parameters
are described in Sec. 4.4 with respect to a classification based on cloud evolution.
4.1 The CARRIBA Campaign
The CARRIBA campaign consists of two one–month campaigns which took place during
November 2010 and April 2011. The main aim of this campaign is to increase the knowledge
about shallow cumulus convection. Therefore, the focus of this campaign is on high reso-
lution collocated measurements of thermodynamic, turbulent, microphysical, and radiative
properties of trade wind cumuli. As the name of the campaign indicates, there are four main
research interests. A detailed description of CARRIBA is presented in Siebert et al. (2013),
therefore, only a brief summary of these four main research points is listed here:
• Analysis of cloud microphysical properties with respect to different cloud regions and
cloud evolutionary stages.
• Characterization of sub–cloud and cloud layer aerosol particle properties, and the in-
terdependence between aerosol particles and clouds.
• Analysis of the susceptibility of trade wind cumuli with respect to changes in aerosol
load based on remote sensing. Also, comparison between remote sensing and in–situ
measurements.
• Investigation of turbulent dynamics and thermodynamics for different regions, such
as sub–cloud layer, cloud environment, and cloud edges. Also, quantification of the
turbulent in–cloud mixing process and its impact on cloud microphysical properties
based on governing timescales and dimensionless numbers.
Barbados is the eastern–most island of the Caribbean Sea and is located in the trade wind
region at approximately 13◦N, 59◦W. Meteorological conditions of this region are controlled
by the larger scale circulation, see Fig. 4.1(a). As the outflow of the Inter Tropical Con-
vergence Zone (ITCZ) becomes the descending branch of the Hadley circulation, which is
located approximately between the Equator and 30◦ latitude, the trade wind inversion forms
due to this large scale subsidence. This inversion is located at an altitude of approximately














Figure 4.1: Cross section through (a) Hadley circulation and (b) vertical structure of the maritime
planetary boundary layer.
3 km, and causes the convection to be limited to shallow cumulus clouds. At the same time
this inversion marks the depth of the planetary boundary layer (PBL). The resulting struc-
ture of the tropical maritime PBL, as depicted in Fig. 4.1(b), is the following: close to the
surface there is the well–mixed sub–cloud layer (SCL), which is followed by a stable transi-
tion layer. This transition layer is formed by a small inversion which is mostly only visible
in the humidity profile. Adjacent to that is the conditionally unstable cloud layer, which is
topped by the trade inversion layer. Above this inversion the free troposphere follows.
Due to its geographic location Barbados is exposed to an almost constant easterly flow.
Therefore, performing the measurements off the east coast of Barbados allows for conditions
mostly free of anthropogenic influences, aside from local sources such as biomass burning
or ship–based emissions. Moreover, the stable meteorological conditions in the trade wind
regime allow for laboratory–like conditions (see Sec. 4.2).
Measurements are performed using the helicopter–borne system ACTOS, which was in-
troduced in Sec. 3.1, as well as the radiation measurement system SMART–HELIOS
(Werner et al., 2013). Additional ground–based measurements are provided by a measure-
ment station located at the east coast of the island at Ragged Point. At this station me-
teorological and aerosol measurements were performed by the University of Miami and by
the Leibniz Institute of Tropospheric Research (TROPOS), respectively. Moreover, the Max
Planck Institute for Meteorology, Hamburg, Germany, operated the Barbados Cloud Ob-
servatory which is also located at the east coast of the island at Deebles Point. At this
measurement site meteorological data were obtained and cloud observations were performed
using an all–sky imager, LiDAR and RADAR measurements.
The helicopter was operated from the Grantley Adams International airport, which is located
in the south of the island, see Fig. 4.2. Typically, the helicopter–borne measurements started
with a low–level leg at about 50m above the sea surface east of the island, followed by a
profile outside of clouds up to a height of about 2000 to 3000m and several horizontal flight
legs, usually towards the north. After that, intensive aerosol and cloud measurements were
performed nearby Raged Point at the east cost of the island, depending on the frequency
of occurrence of clouds. Figure 4.2 shows the flight track from 22 November 2010 as an
example of a typical flight pattern.
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Figure 4.2:Map showing a typical flight pattern derived from the measurement flight on 22 November
2010. The airport Grantley Adams (white dot), the ground station located at Ragged Point (white
square), and the capital of Barbados, Bridge Town (black dot), are shown as reference points.
Due to flight safety restrictions the helicopter had to stay outside of clouds. Therefore, cloud
measurements were performed at about 100m below cloud top and deeper penetrations into
the clouds or vertical profiling were not possible.
Table 4.1: Overview over the duration of measurement flights in November 2010 which are analyzed
in this work. The total duration of each flight, as well as the amount of cloud data in minutes is
given.











The focus of this work is on the analysis of cloud microphysical properties retrieved by the
PDI. For technical reasons this analysis is based on the measurements performed in November
2010. The data set comprises ten measurement flights. Table 4.1 gives the duration of
each flight, as well as the amount of cloud observations. For analyzing cloud data the
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Figure 4.3: Profiles of the meteorological parameters potential temperature Θ, air temperature T ,
relative humidity RH , horizontal wind velocity uu, and wind direction dd. Horizontal dashed lines
indicate the transition from sub–cloud to cloud layer, and the trade wind inversion. The solid black
line represents median values, and the grey shaded area depicts the 10th and 90th percentile.
following definition is made: a cloud is present when LWC > 0.02 gm−3. Nine of the
ten measurement flights were performed partly in clouds, whereas one flight on 21 November
2010 was performed under cloud–free conditions. The cloud-free flight was used for a detailed
analysis of dissolved sea salt particles as measured by the PDI.
4.2 Characterization of Meteorological Conditions
A description of meteorological parameters and their variability is presented in Fig. 4.3 by
showing profiles of median values of Θ, T , RH, horizontal wind speed uu, and wind direction
dd. To represent the variability in the individual parameters, the 10th and 90th percentile
are depicted in form of a grey shaded area. Profiles are calculated for height bins of 50m
using data from the profiles derived at the beginning of each measurement flight, which are
free from any influence of the island or clouds.
Especially when looking at the potential temperature Θ the stratification of the PBL becomes
visible in Fig. 4.3(a). The SCL, which ranges up to an altitude of 400m, is well mixed with
median Θ values of about 301K that are almost constant with height. The cloud layer shows
an increase in Θ up to approximately 310K, indicating conditionally unstable stratification.
At an altitude of approximately 2500m the increase in Θ is less pronounced indicating the
trade wind inversion. The air temperature (shown in Fig. 4.3(b)) shows median values of
approximately 26 ◦C in the SCL and decreasing values in the cloud layer. When reaching
the inversion height, T has decreased to about 12 ◦C, and above the inversion the decrease
is less pronounced. Both Θ and T show very little variability between the different flights.
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The mean profile of RH shows median values between 70% and 80% in the SCL, and 80%
in the cloud layer. Also, the variability is largest in the cloud layer with the 10th percentile
being as low as 30% and the 90th percentile as high as 100%. The very high RH values are
mainly caused by ACTOS measuring in the vicinity of clouds or sampling air masses where
a cloud might have dissolved. In the inversion layer a strong decrease in RH is observed.
The vertical distribution of the median horizontal wind velocity uu is characterized by a
mean value of about 10m s−1 in the SCL followed by a decrease throughout the cloud layer
to about 2m s−1 when transitioning to the inversion layer. The 10th percentile of uu is at
times 5m s−1 smaller than the respective median value, whereas the 90th percentile is at
maximum 3ms−1 larger than the respective median value. The median wind direction dd
is constant throughout the SCL and cloud layer, and shows a significant variability in the
inversion layer. At an altitude of about 2600m dd changes from about 90 ◦ to approximately
300 ◦. Throughout the SCL and lower cloud layer the variability in dd is very low. At z >
1000m a slight increase in variability is observed with maximum values directly below the
trade wind inversion.
Overall, there is no significant variability from day to day. This is also supported by Tab. 4.2,
which shows mean values and standard deviations of selected meteorological parameters
throughout the SCL for each measurement flight. This also shows that during individual
flights the variability is low. The slight overall variability in sea surface temperature SST of
approximately 2◦C when looking at all 10 flights leads to a cloud base altitude ranging from
450m to 800m.
These findings lead to the conclusion that the subtropical region near Barbados, characterized
by low variability in meteorological parameters, presents almost laboratory like conditions.
Therefore, this region is favorable for analyzing the impact of external factors, such as an-
thropogenic aerosol masses advected by long–range transport from Africa.
Table 4.2: Overview over the CARRIBA measurement flights in November 2010. Mean values
of CCN concentration, potential temperature Θ, SST, relative humidity RH , specific humidity q,
horizontal wind velocity uu, and wind direction dd are given.
Day Θ / K SST / ◦C RH / % q / g kg−1 uu / m s−1 dd / ◦
16 301.5 ± 0.2 29.1 ± 0.0 83.2 ± 3.9 18.5 ± 0.5 8.1 ± 0.5 58.3 ± 4.6
20 300.2 ± 0.7 28.8 ± 0.7 84.9 ± 5.0 18.3 ± 1.8 9.4 ± 0.8 73.3 ± 7.8
21 301.0 ± 0.2 29.1 ± 0.6 72.0 ± 3.5 16.2 ± 0.6 10.0 ± 1.0 59.4 ± 6.5
21 300.9 ± 0.3 28.3 ± 0.2 76.2 ± 5.2 17.2 ± 1.3 8.4 ± 0.6 62.6 ± 5.6
22 301.1 ± 0.2 29.0 ± 0.2 80.9 ± 7.4 18.7 ± 1.6 10.8 ± 1.2 60.1 ± 5.5
23 299.6 ± 0.4 27.5 ± 0.4 74.5 ± 5.0 15.7 ± 1.3 10.2 ± 0.8 68.6 ± 4.3
24 300.9 ± 0.4 27.7 ± 0.2 74.9 ± 3.5 17.1 ± 0.8 11.1 ± 0.9 55.5 ± 5.4
25 305.4 ± 0.8 28.8 ± 1.8 79.1 ± 3.4 23.3 ± 1.1 9.1 ± 0.6 65.0 ± 7.1
26 300.5 ± 0.5 28.2 ± 0.4 85.9 ± 6.4 19.1 ± 1.8 10.5 ± 1.6 43.0 ± 4.4
27 301.0 ± 0.4 29.1 ± 0.2 80.1 ± 6.4 18.2 ± 1.7 9.4 ± 0.9 83.9 ± 5.8
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4.3 Aerosol Characterization
Because of the very constant meteorological conditions, data obtained during CARRIBA
can be used to study the impact of varying aerosol particle concentrations on the cloud
microphysical properties. The focus of this analysis is on two types of particles: CCN and
dissolved sea salt particles.
4.3.1 CCN Particles
During the campaign periods with low aerosol load, as well as relatively high aerosol particle
concentrations were observed. Here, high concentrations are meant with respect to the overall
pristine maritime conditions. An overview over both the total aerosol particle concentration
Na and the CCN concentration NCCN are given in Fig. 4.4, where the data points represent
median values of the individual measurement flights and the bars denote the 10th and 90th
percentile, respectively. Data are obtained from the profile flown over water and outside of
trade wind cumuli at the beginning of each flight to avoid any influence of clouds. Due to the
remote location of the measurement area, the amount of anthropogenic aerosol particles is
low, compared to e.g., rural regions in Europe. Nevertheless, there is significant variability in
both parameters with the median value of Na ranging from 230 to 590 cm
−3 and the median
of NCCN ranging from 90 to 290 cm
−3. Na is always larger than NCCN, because not all aerosol
particles serve as CCN due to their size and chemical properties, which can be altered due
to processes occurring during the transport from the source region to the measurement site.
Also, the 10th and 90th percentiles range from 200 to 600 cm−3 (Na) and 20 to 360 cm
−3
(NCCN). The vertical variability in Na and NCCN over the course of the measurements in
November 2010 is presented in Fig. 4.5. An interesting feature is the absence of a significant
difference between the particle concentration observed in the sub–cloud and the cloud layer.
NCCN is almost constant throughout the lowest 1000m. Above, a slight decrease in the 90th
percentile can be observed. In contrast, Na is rather constant throughout the whole sub–
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Figure 4.4: Time series of median values of total aerosol particle number concentration Na (black)
and CCN number concentration NCCN (blue) derived from the profile flown at the beginning of each
flight, outside of clouds. Bars denote the 10th and 90th percentile, respectively.
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Figure 4.5: Profile of (a) the total aerosol particle concentration Na and (b) the CCN concentration
NCCN obtained from the 10 measurement flights in November 2010. The solid black line represents
median values and the grey shaded area depicts the 10th and 90th percentile.
cloud and cloud layer. For both parameters an increase is observed when transitioning into
the inversion layer, which is very likely a result of long–distance transport of particles from
the African continent. Also, the majority of data is sampled at heights below the inversion
explaining the low standard deviations at z ≥ 2800m.
As can be seen in Fig. 4.4 relatively high Na and NCCN were observed during November
24 to 27, whereas between 16 and 20 November, particle concentrations were low in com-
parison. Figure 4.6 shows five days of backward trajectories for Barbados, obtained by the
Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model. On 20 Novem-
ber (Fig. 4.6(a)) the air masses reached Barbados coming from the North, where no major
sources for aerosol particles are located resulting in the cleanest conditions observed during
the campaign. In comparison, the air masses arriving at Barbados on 24 November origi-
nated North–East from the island (see Fig. 4.6(b)), and during 26 November the arriving
air masses originated eastwards of Barbados (see Fig. 4.6(c)) suggesting a strong impact of
aerosol particles that were transported from Africa. In Fig. 4.7 fires observed by Terra and
Aqua Satellites during the time span from 16 to 27 November 2010 are shown by orange
dots, rendering it likely that the higher aerosol particle and CCN concentrations can be
explained by long range transport of Saharan dust and/or particles from biomass burning
events originating in Africa.
The observed aerosol particle number size distributions show a distinct Hoppel minimum at
about 80 nm, see Fig. 4.8. A correlation between accumulation mode aerosol particles (Da >
80 nm) and CCN, both obtained from the SCL, is depicted in Fig. 4.9. Both parameters





Figure 4.6: Five day HYSPLIT backward trajectories for (a) 20 November, (b) 24 November, and
(c) 26 November 2010.
agree very well, as can be seen by the close position of the linear fit to the 1:1 line. It is
concluded, that all particles larger 80 nm are activated to cloud particles, which makes them
a good proxy for the droplet number concentration.
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Figure 4.7: Fire map obtained from the Aqua and Terra satellites for the time period between 16
and 27 November 2010. The red circle marks Barbados. Source: NASA FIRMS Web Fire Mapper
(https://firms.modaps.eosdis.nasa.gov/firemap/).
Figure 4.8: Median aerosol particle number size distribution measured in the sub-cloud and cloud
layer during the CARRIBA campaign. The shaded area represents 90% of all measurements. Graph
from Ditas (2014).
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Figure 4.9: Correlation between aerosol particle number concentration withD > 80 nmN80 and CCN
number concentration NCCN. The dashed line represents the 1:1 line, and the solid line represents a
linear fit with the equation given in the upper left corner.
4.3.2 Sea Salt Particles
During the CARRIBA campaign the PDI detected particles in cloud–free air. Due to the
working principles of the PDI these particles must be liquid droplets with a close to spherical
shape and a refractive index similar to the one of water. Because of these constraints, as
well as the fact that filter samples from Ragged Point always contain a certain mass of Na+
and Cl− (Savoie et al., 2002; Prospero et al., 2005), and the observed high air humidity of ∼
80% it is concluded that the observed particles are dissolved sea salt particles. To distinguish
data of dissolved sea salt particles from cloud droplet data a threshold liquid water content is
defined. If LWC ≥ 0.002 gm3 droplets are regarded as cloud droplets. If LWC < 0.002 gm3
and the droplet was detected at least 1 s ≈ 20m away from observed clouds, the droplet is
regarded a dissolved sea salt particle.
An overview over the variability in the number concentration of the observed sea salt particles
Nss, as observed in the SCL, is given in Tab. 4.3. It becomes obvious that at all days
σ(Nss) is of the same order as the mean value, which is mainly attributed to the overall low
concentrations of sea salt particles. The day–to–day variability in Nss can be explained by
the daily differences in horizontal wind speed uu close to the sea surface. The correlation
between uu and Nss is shown in Fig. 4.10 for all measurement flights. Here, data points
represent mean values of uu observed for z ≤ 200m asl and the mean of Nss observed in the
SCL. Here, not only Nss for z ≤ 200m asl is taken into consideration, due to poor sampling
Table 4.3: Overview over the the STP corrected mean concentration of sea salt particles Nss and its
standard deviation σ(Nss) measured in the SCL during November 2010.
Day 16 20 21a 21b 22 23 24 25 26 27
Nss / cm
−3 0.29 0.31 0.31 0.29 0.50 0.61 0.50 0.38 0.63 0.51
σ(Nss) / cm
−3 0.35 0.25 0.40 0.18 0.25 0.40 0.29 0.21 0.43 0.31
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R  = 0.81
Figure 4.10: Correlation between mean horizontal wind speed uu observed in the lowest 200m of
the PBL and mean number concentration of dissolved see salt particles Nss observed in the SCL. The
solid line represents a linear regression and the bars denote one standard deviation. The correlation
coefficient R is given.
statistics for such a limited height range. A positive correlation with R = 0.81 is found.
An increase in uu leads to a stronger formation of waves with foam caps, which leads to an





Figure 4.11: Mean vertical distribution of (a) number concentrationNss and (b) wet (black) and dry
(red) size Dss of observed sea salt particles for 50m height steps averaged over all 10 measurement
flights. The bars denote one standard deviation.
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Figure 4.12: Mean particle number size distribution of sea salt particles observed in the maritime
sub–cloud layer averaged over 10 measurement flights. The red curve denotes the dry particle size, and
the black curve represents the wet measured particle size. The bars denote one standard deviation.
Figure 4.11(a) shows the mean vertical distribution of Nss in 50m steps obtained from all
flights. Dissolved sea salt particles are observed throughout the PBL up to an altitude of
about 2500m. This agrees well with Woodcock (1953), who also observed sea salt parti-
cles up to an altitude describing the height of the inversion. The mean Nss values vary
between 0.05 cm−3 and 0.8 cm−3 and show a decrease with increasing altitude. A maximum
in the mean Nss is observed at about 500m which is approximately cloud base altitude
(Siebert et al., 2013). The observed mean Nss are of the same order of magnitude as ob-
servations of sea salt particle number concentrations by Woodcock and Gifford (1949), who
found concentrations up to 2 cm−3 for particles with D > 1µm. Mason (2001) also found
similar values of Nss but remarked that this number would increase when decreasing the
measurement threshold below D = 1µm.
To make assumptions about the size of the sea salt particles, it is to take into consideration,
that the PDI measures the droplet under environmental conditions without drying the parti-
cle beforehand. The size of the dry sea salt particles is needed for comparisons with findings
of previous studies. To obtain the size of the dry sea salt particles, the relation between the
hygroscopic growth factor G and the wet particle size is used:
Dss,wet = G ·Dss,dry, (4.1)
where G is a function of RH (Niedermeier et al., 2008). In Fig. 4.11(b) the vertical distribu-
tion of the mean wet and dry sea salt particle size is shown, again in 50m steps and averaged
over all measurement flights. Remarkably, the mean wet and dry particle size, Dss,wet and
Dss,dry, respectively, is relatively constant throughout the observed height range, especially
for z asl < 1500m. But even above this height, the variability in the mean particle size is
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small. For the dry particle size a mean value of Dss,dry ≈ 3.5 µm is found with a standard
deviation of about 0.5–1.0 µm in the lowest 1000m. For Dss,wet a mean of about 6µm is
found with a standard deviation ranging from 0.5–2 µm. The increase in wet particle size
variability at higher altitudes is mainly due to an increase in RH variability.
More detailed information about the size of the dissolved and dry sea salt particles is pre-
sented in Fig. 4.12, where the mean particle number size distribution of SCL sea salt particles
from all measurement flights is shown. For both the wet and the dry particles, the distribu-
tion is mono–modal. The number size distribution of the wet particles shows a distinct peak
at 4µm to 5µm with a tail ranging up to 25µm. For the dry particles, 35% of the droplets are
between 2µm and 3µm in diameter and distribution shows a tail ending at about 21µm. The
standard deviation is smaller for larger particle sizes due to a lower sample statistics. The
overall rather small standard deviations show that there is not much day–to–day variability
in the size spectrum.
4.4 Cloud Microphysical Properties with Dependence on Cloud
Evolution
The aim of this chapter is to present a general overview over the observed clouds with
respect to their microphysical properties. A classification based on buoyancy parameters
is introduced to categorize the observed clouds with respect to their evolution. Following
this introduction, the focus is on a description of measured cloud droplet size distributions
and integrated parameters with respect to observed evolutionary cloud stages. Parts of this
section are adapted from Schmeissner et al. (2015).
4.4.1 Cloud Stage Classification
A typical feature of the trade wind regime is the concurrent presence of clouds which are at
different stages of evolution. Actively growing clouds can be observed next to dissolving ones.
This is caused by the permanent triggering of development of shallow cumuli under almost
constant thermodynamic and dynamic conditions. Based on the work of Katzwinkel et al.
(2014) three cloud life cycle stages are defined: actively growing, decelerated, and dissolving.
Criteria for this classification are the in–cloud vertical velocity w and in–cloud buoyancy
acceleration B.
The first step in the classification of observed clouds into the three evolutionary stages is the
partitioning of an individually observed cloud into a cloud interior region (LWC ≥ 0.2 gm−3)
and an edge region (LWC < 0.2 gm−3). This division is somewhat arbitrary but motivated
by the fact, that the edge region is always more diluted than the cloud interior. In a second
step the 90th percentiles of w and B in the cloud interior are analyzed. The actively growing
clouds are characterized by positive buoyancy and updrafts (B > 0m s−2 and w > 0m s−1).
The decelerated clouds are negatively buoyant but still exhibit an updraft (B < 0m s−2 and
w > 0m s−1). The dissolving clouds reveal negative buoyant cloud interiors with downdrafts
(B < 0m s−2 and w < 0m s−1).
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The buoyancy is calculated using
B = g · (θv − θv)/θv, (4.2)
where θv = θ(1 + 0.61qt – 1.61ql) is the virtual potential temperature, qt and ql are the total
and liquid water mass mixing ratios, and the overbar denotes the cloud–free environmental
mean value calculated for each cloud individually. Only clouds fulfilling the following criteria
were analyzed: the cloud interior region has to have a diameter of at least 20m and the
distance between one cloud and its neighbor has to be at least 60m to avoid that cloud edges
are affected by other clouds.
A total of 177 active, 91 decelerated, and 32 dissolving clouds were classified. The dispropor-
tion results from the flight strategy aiming at well developed shallow cumuli, as well as to the
strict criteria for individual clouds. Some of the dissolving clouds might have too low LWC
values or might be too narrow in diameter, and therefore are not included in the analysis.
Due to the flight restrictions the presented classification has some limits, as most of the
measurements are performed about 100m below cloud top. It might occur that the top of
an actively growing cloud was sampled, but this region might belong to an overturning eddy
and therefore the cloud would be falsely classified as a dissolving cloud.
active
























































































Figure 4.13: Horizontal cross section through individual clouds showing (a – c) liquid water content
LWC, (d – f) vertical velocity w, and (g – i) buoyancy B for actively growing, decelerated, and
dissolving clouds. Red lines mark the cloud interior region. x is the horizontal distance during the
helicopter flight.
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Figure 4.14: Box–and–Whisker plots of (a) 90th percentile of vertical wind velocity w and (b) 90th
percentile of buoyancy acceleration B. The box represents 50% of the data and contains the median
value. The Whiskers mark the 12.5th and 87.5th percentile, thus representing 75% of the data.
In Fig. 4.13 examples of LWC, w, and B are given for clouds from the three evolutionary
stages. The red lines indicate the cloud interior (LWC ≥ 0.2 gm−3). Figures 4.13(a) to
4.13(c) show time series of LWC for each cloud where the time samples are transformed into
an observed distance. The actively growing cloud reveals the largest values of LWC with a
mean value of ∼ 1 gm−3, whereas the decelerated cloud exhibits a mean value of LWC =
0.8 gm−3. The dissolving cloud shows the lowest values of LWC ∼ 0.3 gm−3. The edges of
each individual cloud are characterized by low LWC.
In Figs. 4.13(d) to 4.13(f) time series of vertical velocity w are shown for the same three
example clouds. The actively growing cloud has an updraft in the interior region with
maximum values of about 3m s−1. The decelerated cloud shows slightly higher maximum
values of almost 4m s−1. Both clouds show a decrease in w towards the edges of the cloud
interior. The dissolving cloud has negative vertical velocities of about -2m s−1 in its interior.
The cloud edges of all three stages are mostly characterized by negative vertical velocities.
Time series of B are shown in Figs. 4.13(g) to 4.13(i) with the actively growing cloud being
positively buoyant with maximum values ∼ 0.01m s−2, whereas the decelerated and the
dissolving clouds are negatively buoyant. The decelerated cloud shows a strong correlation
between B and LWC, with larger negative B where LWC is lowest. This correlation can
be explained by the evaporative cooling which is a result of droplet evaporation due to
entrainment of sub–saturated air at the edges of the cloud (Katzwinkel et al., 2014). The
dissolving cloud shows moderate negative values of B with a mean of B ∼ -0.005m s−2 in
the interior.
To further look into the distribution of buoyancy and vertical velocity the statistics of the
90th percentile of w and B in the cloud interior region are shown in Fig. 4.14 for all classified
clouds. Each box represents 50% of the data and indicates the median value by a horizontal
line. Whiskers denote the 12.5th and 87.5th percentile and, thus, represent 75% of the data.
This description applies for all upcoming Box–and–Whisker plots. Actively growing clouds
have the highest vertical velocities with a median value of about 2m s−1. They also show a
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Figure 4.15: Box–and–Whisker plot of the dimension of (a) the cloud interior and (b) the cloud edges
for all cloud stages. The ratio of the cloud edge to interior dimension is shown in (c). Boxes represent
50% of the data and contain the median value. Whiskers mark the 12.5th and 87.5th percentile, thus
representing 75% of the data.
large spread in w where 50% of the data lie in a range of approximately 1.3 to 3.1m s−1. The
decelerated clouds have a median w ∼ 2m s−1 and a spread ranging from 0.6 to 1.8m s−1.
The dissolving clouds are characterized by a median w of around −0.5m s−1 and a small
spread where 50% of the data are in a range of -0.2 to -0.8m s−1.
Buoyancy acceleration exhibits a median value of B ≈ 0.01m s−2 for the actively growing
clouds. The decelerated and the dissolving stage show similar median values of about −0.007
and −0.006m s−2. All three cloud stages show a comparable spread. Also, the upper whisker
of the dissolving cloud stage ranges close to zero, indicating that a fraction of these clouds
is almost neutrally buoyant.
The example clouds in Figure 4.13 already indicated that the cloud interior and edges have
varying extends. Figure 4.15 shows the variability in cloud interior diameter, cloud edge
dimension, and the ratio between the extend of the edge to the interior for all classified
clouds observed during CARRIBA. The dimension of the cloud edge is determined by adding
together the extend of the edge region before and after entering the cloud interior during one
cloud passage. The interior diameter decreases significantly when the clouds transition from
the active to the dissolving stage. The median value of 200m for the active clouds is twice
as large as for the dissolving clouds, see Fig. 4.15(a). The dimensions of the cloud edges in
contrast, are relatively similar for the three stages, with only slightly smaller values for the
dissolving clouds. The ratio between edge and interior shows a significant increase from a
median of 0.5 for active clouds to a median of 1.2 for dissolving clouds, see Fig. 4.15(c). This
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increase is caused by the transitioning of the clouds from the active to the dissolving stage,
where their overall size decreases as sub–saturated air is entrained. During this process a
part of its interior region is converted into cloud edge region due droplet evaporation, which
causes a reduction in LWC and alterations in w and B, resulting in approximately the same
dimensions for cloud interior and cloud edge. In extreme cases the interior of the dissolving
cloud is almost non–existing (Katzwinkel et al., 2014)
4.4.2 Statistics of Cloud Microphysical Parameters
For a statistical evaluation of trade wind cumuli with respect to their microphysical properties
the height dependence of these parameters has to be taken into consideration. An overview
of the mean observation altitude of all analyzed clouds is given in Fig. 4.16 for each cloud
evolutionary stage. Obviously, there is a strong variability in the altitude range where clouds
are measured. On November 24 the mean cloud observation heights are lowest with z asl <
1000m, and on November 16 and 21 the mean observation altitude is always below 1500m. In
contrast, observation heights are above 1200m for flights on November 20, 22, 23, and 25. It is
important to note that for each evolutionary stage there is no preferred altitude range, and the
observed altitude range for each stage is broad covering almost the complete possible range
from cloud base up to the inversion height. Because CARRIBA cloud measurements were
not performed at one constant height it is necessary to apply the concept of normalization of
integrated cloud microphysical parameters, as described in Sec. 2.1, in order to make clouds
from different altitudes and days comparable.
Figure 4.17 shows the variability of the normalized cloud droplet number concentration Nn,
















Figure 4.16: Distribution of mean cloud observation altitudes z asl during the November 2010
campaign of CARRIBA. Black circles mark actively growing, blue circles mark decelerated, and red
circles mark dissolving clouds.
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Figure 4.17: Box–and–Whisker plots of (a) normalized cloud droplet number concentration Nn, (b)
normalized mean volume diameter Dv,n, and (c) normalized liquid water content LWCn for actively
growing, decelerated, and dissolving clouds. Open boxes represent cloud interior data and grey
shaded boxes represent cloud edge data. Boxes represent 50% of the data and contain the median
value. Whiskers mark the 12.5th and 87.5th percentile, thus representing 75% of the data.
cloud liquid water content LWCn, and MVD Dv,n integrated over 1 s (corresponding to about
20m flight path) from all observed clouds. One typical feature of shallow convective clouds
can be seen on first glance: The clouds, no matter at what evolutionary stage they where
sampled, are significantly diluted (showing values < 1) due to entrainment (Warner, 1955).
Especially forNn (Fig. 4.17(a)) and LWCn (Fig. 4.17(c)) large differences are obvious for both
the different cloud regions and different cloud stages. Nn shows a decrease to approximately
half of its value when transitioning from the active to the dissolving stage. At the same
time Nn has a median value that is more than twice as large for the interior (blank boxes)
compared to the edges (grey shaded boxes) of the clouds due to the continuous entrainment
of sub–saturated air.
The behavior of Nn reflects especially in LWCn, which is smaller for the edges compared to
the interior of the clouds. Moreover, LWCn decreases significantly when transitioning from
the active to the dissolving stage, showing median values of LWCn ∼ 0.31 gm
−3, 0.21 gm−3,
and 0.12 gm−3 for the three evolutionary stages. The spread in both LWCn and Nn is larger
for the interior regions compared to the edges.
The differences in Dv,n for the three stages, shown in Fig. 4.17(b), are comparably small.
For the cloud interior the median of Dv,n shows a small decrease from 0.83 for active clouds
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to 0.78 for the decelerated clouds and 0.77 for the dissolving clouds. The same holds true for
the cloud edges, which show a slight decrease from 0.76 for the actively growing stage to 0.73
for the decelerated and dissolving stage. It appears that Dv,n stays almost constant for cloud
interior and cloud edge, as well as for the transition from the active to the dissolving stage.
Consequently, during the transition from the active to the dissolving stage the droplet size
remains almost constant, and the reduction in LWC, as observed in Fig. 4.17(c), is mainly
due to a reduction in droplet number due to dilution.
To further assess the variability of N , Dv, and LWC within individual clouds, Fig. 4.18
presents a Box–and–Whisker plot of the standard deviation of the respective parameter
normalized by its mean value. Again, cloud interior (open box) and edge region (grey shaded
box) are shown, and for both only clouds with at least 3 s of consecutive data are included
in this evaluation. Obviously, cloud edges show larger normalized standard deviations for all
three parameters which can be attributed to a continuous impact of entrainment and mixing
of sub–saturated air.
The median value of σN/N increases slightly for the interior region when transitioning from
the active towards the dissolving stage, see Fig.4.18(a). At the same time the upper quartile
value increases from about 0.47 to 0.62. Regarding the edges, the median value increases
during the transition from the active to the dissolving stage, too, whereas the spread de-
creases. The whiskers show values of σN/N > 1 indicating that N is highly variable at cloud
edges.
Regarding the cloud droplet size Dv the smallest values of normalized standard deviation can
be observed for both regions, see Fig. 4.18(b). These almost constant normalized standard
deviations support the notion that the mean cloud droplet size is the least affected by the
entrainment–mixing process. For the cloud interior the median of σDv/Dv is ∼ 0.05 for
the active and decelerated stage, and slightly smaller for the dissolving stage. For the edge
regions, the median value of σDv/Dv increases with transition from the active to the dissolving
stage, and the spread in σDv/Dv is largest for the dissolving stage.
The statistics for LWC, shown in Fig. 4.18(c), are again similar to N , showing an increase in
the median value and spread of σLWC/LWC for the interior region when transitioning from
the active to dissolving stage. Again, the edge regions show an increase in the median value
but a decrease in the spread of σLWC/LWC during the cloud evolution. The upper whiskers
are at σLWC/LWC ∼ 1.25 indicating a high variability of LWC at the cloud edges.
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Figure 4.18: Box–and–Whisker plots of the normalized standard deviations (a) σN/N , (b) σDv/Dv,
and (c) σLWC/LWC for actively growing, decelerated, and dissolving clouds. Open boxes represent
cloud interior data and grey shaded boxes represent cloud edge data. Boxes represent 50% of the data
and contain the median value. Whiskers mark the 12.5th and 87.5th percentile, thus representing
75% of the data.
Because this work focuses on precipitation initiating droplets, which are characterized byD >
40µm, the percentage of cloud droplets with D > 40µm per cloud is given in Fig. 4.19 as
a function of observation altitude. For 200m height intervals n(D > 40µm)/n is presented
without any separation in cloud evolutionary stages. Also, clouds containing no droplets
with D > 40µm are excluded. An increase in the median value of n(D > 40µm)/n of two
orders of magnitude with increasing altitude is found, which is consistent with Dad being a
function of height. For z ≤ 1500m n(D > 40µm)/n is in the range of 0.01% to 0.07%. At
higher altitudes n(D > 40µm)/n reaches values of 2%. Consequently, precipitation initiating
droplets are expected to exist close to the cloud top region.
An investigation of the height dependence of the droplet spectra based on the mean droplet
size D, the spectral width σ, which is the standard deviation of the size distribution, and the
spectral dispersion σ/D is presented in Fig. 4.20. Here, the focus is on the actively growing
and the dissolving stage of evolution, as these two stages form the extremes. Figure 4.20(a)
shows the profile of D, where each data point represents the mean droplet size for the
respective height interval of 200m. For the height range between 1000m and 1800m an
increase in D is observed for both cloud stages. Above this altitude a slight decrease in the
mean droplet size is found, which is most likely due to the close vicinity to the trade wind
inversion, which is characterized by low humidity, causing increased droplet evaporation after
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Figure 4.19: Box–and–Whiskers plot of the vertical distribution of the percentage of cloud droplets
with D > 40µm per cloud n(D > 40µm)/n. Boxes represent 50% of the data and contain the median
value. Whiskers mark the 12.5th and 87.5th percentile, thus representing 75% of the data.
entrainment and mixing of cloud–free air. For the altitude of 2400m, only a few clouds have
been sampled which makes these data points statistically less significant compared to the
ones for lower altitudes. Active clouds have larger D throughout the entire profile with a
mean difference between the two stages of about 2.3µm. Figure 4.20(b) shows the profile of
the spectral width σ for the two stages. At the lowest observation heights σ is about 4µm,
whereas at the highest altitude σ is approximately 8µm. Such an almost linear increase
in σ with increasing altitude is similar to observations reported by Arabas et al. (2009).
The linear fit for both cloud stages is nearly identical, suggesting that the difference of σ
between the two stages is minor. This indicates that the observed droplet size distributions
broaden with height and there is no significant difference for active and dissolving clouds.
Figure 4.20(c), which shows a profile of the mean spectral dispersion σ/D for the active and
dissolving clouds, also shows the broadening of the size distribution for both cloud stages.
An increase with height can be observed, especially for the dissolving clouds, indicating a
larger variability in the droplet spectrum compared to the actively growing stage.
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Figure 4.20: Profile of (a) mean droplet diameter D, (b) mean spectral with σ, and (c) spectral
dispersion σ/D for actively growing (full circles) and dissolving (open circles) clouds. Solid and
dashed lines represent linear fits. No separation between cloud interior and edge region is applied.
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5 Impact of Aerosol Particles on Cloud
Microphysics
The first indirect aerosol effect, introduced in Sec. 2.2, describes the change in the NSD
due to varying aerosol loads that compete with available water vapor. To analyze this effect
with respect to the production of collision-coalescence initiator droplets, the observed aerosol
particles are divided into CCN particles (Sec. 5.1) and diluted sea salt particles (Sec. 5.2).
Because inlets for aerosol instrumentation have a cutoff diameter of 3µm for wet particles, a
certain amount of CCN particles is composed of sea salt particles. But as Fig. 4.12 shows the
number of diluted sea salt particles withD ≤ 3µm is relatively low. Therefore, it is concluded
that when using data from the CCN counter the number of non–sea salt particles significantly
outweighs the number of sea salt particles acting as GN. Because the data analysis in this
chapter shows no significant differences regarding the impact of aerosol particles on cloud
droplet NSD for individual cloud stages, no differentiation is applied. However, to effectively
minimize the impact of entrainment only actively growing clouds are considered for certain
correlations.
5.1 Impact of CCN Particles
The cloud droplet size distribution is mainly determined by the number of CCN particles and
the vertical velocity at cloud base (Twomey and Squires, 1959). In Fig. 5.1 the correlation
between the mean values of NCCN observed in the SCL and N measured in the interior
region of actively growing clouds is shown. The limitation to the interior of actively growing
clouds is applied to reduce the impact of the entrainment mixing process. It is found that
with increasing NCCN the cloud droplet number concentration increases as well. A linear fit
results in a slope of s = 0.56 with a correlation coefficient of R = 0.71. Deviations from
the 1:1 line can be explained by entrainment, which leads to evaporation of cloud droplets,
and limitations caused by super saturation, because the amount of available water vapor
determines the number of particles that are activated to droplets. Therefore, approximately
60% of the CCN particles are estimated to become cloud droplets with D ≥ 1µm.
Figure 5.2 shows the correlation between flight averaged SCL NCCN and height dependent
flight averaged D. Here, the analysis is done for 300m height ranges to exclude the impact
of cloud droplet size increase due to increasing observational altitude. For all height ranges
the correlation between D and NCCN is negative which illustrates the first indirect aerosol
effect.
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To analyze this relationship further, two clouds observed at a comparable altitude of z ≈
1940m at days with different aerosol loading are studied. NSD are described using a bi–
modal Gaussian fit, see Fig. 5.3. Each single mode is represented by a normal distribution,
plotted in a dashed line. The larger mode, here referred to as the drizzle mode, is highlighted
by a red dashed line. Each mode is described by a center µ and a standard deviation σm.
Figure 5.3(a) illustrates the NSD of a cloud measured on November 20, the day with the
lowest mean values of NCCN ≈ 106 cm
−3. The first mode of the NSD is composed of µ =
18µm and σm = 5µm. The center of the drizzle mode is µ = 32µm with σm = 3µm. About
60% of the measured cloud droplets belong to the drizzle mode. The distribution shown in
Fig. 5.3(b) represents a cloud sampled on November 25, which is the day with the highest
observed mean NCCN ≈ 300 cm
−3. The PDF of the measured cloud droplet sizes has a first
mode with µ = 16µm and σm = 6µm, whereas the drizzle mode is characterized by µ =
27µm and σm = 2µm. For this cloud the drizzle mode is comprised of about 25% of the
measured droplets.
The two clouds shown in Fig. 5.3 serve as an indicator that NCCN strongly impacts the
number of larger cloud droplets as can be seen by µ of the drizzle mode. To statistically
evaluate this impact, bi–modal distributions were fitted to the NSD of all observed clouds.
The center µ of the drizzle mode is calculated, and for each flight the mean value is correlated
to NCCN. To take the altitude dependence of the cloud droplet size into account calculations
were performed for clouds belonging to 300m height steps ranging from z = 1200m to z =
2100m. Figure 5.4(a)–(c) shows µ as a function of NCCN. A negative correlation between
NCCN and µ is observed for each of the three highlighted altitude ranges. Consequently, with
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s = 0.56
Figure 5.1: Mean CCN number concentration NCCN observed in the SCL against mean values of the
mean cloud droplet number concentration N observed in the cloud interior region of actively growing
clouds. Bars denote one standard deviation and the solid line represents a linear fit. The dashed line
represents the 1:1 line. The correlation coefficient R and the slope s are given.
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Figure 5.2: Mean CCN number concentration NCCN observed in the SCL against mean values of the
mean droplet diameter D for three adjacent 300m height ranges. Bars denote one standard deviation
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Figure 5.3: Cloud droplet size distributions obtained from two individual clouds measured at two
different days, but at a comparable altitude. (a) Actively growing cloud measured on November 20
at z ≈ 1930m. (b) Actively growing cloud measured on November 25 at z ≈ 1940m. The solid black
line gives the envelope of a bi–modal fit, and the dashed lines represent the individual modes with
the red dashed line being the drizzle mode.
an increase in NCCN the drizzle mode is shifted towards smaller droplet sizes causing the
NSD to become more narrow.
As a next step the number of possible collision–coalescence initiators in each cloud is ad-
dressed. Figure 5.4(d)–(f) show the relation between NCCN and the number of cloud droplets
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Figure 5.4: CCN number concentration NCCN observed in the SCL versus (a)–(c) mean values of
the center of the largest mode µ and (d)–(f) mean values of the number of droplets with D > 40µm
to the total number of droplets n(D > 40µm)/n for three adjacent 300m height ranges. Bars denote
one standard deviation and the solid line represents a linear fit. The correlation coefficient R is given.
with D > 40 µm normalized by the total droplet number for each cloud, n(D > 40µm)/n.
The normalization accounts for the variability in sampling frequency of cloud droplet mea-
surements for individual cloud traverses, because the more cloud droplets were sampled, the
larger is the possibility that large droplets are present. Again, the height dependence is taken
into account by only using data sampled in the previously mentioned 300m height ranges.
For all three altitude ranges a negative correlation with an increase in the absolute value
of R for increasing observation altitudes is found. This suggests that the formation of rain
droplets is strongly dependent on the number of CCN particles.
Another method to show that the number of larger droplets is strongly coupled with NCCN is
depicted in Fig. 5.5(a)–(c), where the flight averaged spectral width σ of the observed clouds
is correlated with the mean of NCCN in the SCL. For the three height ranges a negative
correlation between NCCN and σ is found, supporting a narrowing of the cloud droplet NSD
with increasing NCCN due to the limited available water vapor.
Analyzing the correlation between σ/D and NCCN gives insight on the dispersion effect, see
Fig. 5.5(d)–(f). For the lower two height ranges very weak negative correlation coefficients
of R =-0.15 and R =-0.17 are obtained. For the 1800m – 2100m altitude range, a stronger
negative correlation of R = -0.56 is found. A similar negative correlation was also found by
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Figure 5.5: (a)–(c) CCN number concentration NCCN observed in the SCL versus mean values of
spectral width σ, (d)–(f) NCCN observed in the SCL versus spectral dispersion σ/D, and (g)–(i) mean
droplet diameter D versus spectral width σ for three adjacent 300m height ranges. Bars denote one
standard deviation and the solid line represents a linear fit. The correlation coefficient R is given.
e.g. Martins and Dias (2009) and Lu and Seinfeld (2006). This finding contradicts with the
dispersion effect, which states that an increase in NCCN goes along with an increase in σ/D
(Liu and Daum, 2002).
Figure 5.5(g)–(i) also shows the relationship between σ and D with high correlation coeffi-
cients of R = 0.74, R = 0.79, and R = 0.95 for the three height ranges.
Liu et al. (2012) argued that a negative relation between NCCN and σ/D is derived from
a positive correlation between NCCN and the vertical in–cloud velocity w. In Fig. 5.6(a)
the relation between w and the droplet number concentration N is shown for data of ac-
tively growing clouds integrated over 1 s time increments, which were observed on days with
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Figure 5.6: Correlation between vertical velocity w and (a) cloud droplet number concentration N ,
and (b) spectral dispersion σ/D for all actively growing clouds sampled on days with a mean CCN
concentration between 150 cm−3 and 200 cm−3 in the SCL. Each data point represents 1 s of cloud
interior data. The solid line represents a linear fit through the data set, and the correlation coefficient
R is given.
150 cm−3 ≤ NCCN ≤ 200 cm
−3 in the SCL. Only data obtained in the interior of actively
growing clouds is taken into account to ensure w > 0. A weak trend towards larger N with
increasing w becomes obvious. This can be explained by larger w leading to an increase in
supersaturation (assuming a similar amount of humidity in the air). Consequently, a larger
number of CCN particles can be activated to cloud droplets. In Fig. 5.6(b) the relation
between w and the spectral dispersion is shown for the same set of clouds. A trend towards
smaller σ/D values for increasing w is found with R = -0.31. This is in tune with theoret-
ical expectations (Liu et al., 2006), parcel model simulations (Liu et al., 2006; Peng et al.,
2007), and observations made by Lu et al. (2012). One possible explanation for the observed
negative correlation between NCCN and σ/D could be the indirect effect of aerosol particles
on vertical velocity. According to modeling studies an increase in aerosol concentration in-
creases vertical motion and entrainment by changing the rates of condensation, evaporation
and latent heat (Lu and Seinfeld, 2006; Xue and Feingold, 2006).
5.2 Impact of Sea Salt Particles
To analyze a possible impact of the number concentration of sea salt particles Nss on the
cloud droplet NSD, the relationship between Nss measured in the SCL and the mean cloud
droplet diameter D is shown in Fig. 5.7(a)–(c), again for three adjacent 300m height intervals
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Figure 5.7: Number concentration of dissolved sea salt particles Nss observed in the SCL versus
(a)–(c) mean values of the mean droplet diameter D, (d)–(f) mean values of the center of the drizzle
mode µ, and (g)–(i) mean values of the number of droplets with D > 40µm to the total number
of droplets n(D > 40µm)/n for three adjacent 300m height ranges, respectively. Bars denote one
standard deviation and the solid line represents a linear fit. The correlation coefficient R is given.
between 1200m and 2100m. The observed negative correlations mirror the ones found for
NCCN vs D, see Fig. 5.2. This would indicate that an increase in GN particles would lead
to a decrease in cloud droplet size. On the other hand there is the possibility that these
clouds are observed during the early stages of drizzle formation when see salt particles have
produced a few larger droplets that are not yet influential for the mean droplet diameter of
the droplet NSD.
Therefore, as a next step the drizzle mode obtained by the Gaussian fitting procedure men-
tioned in Sec. 5.1 is used. A negative correlation between Nss and the center of the drizzle
mode µ is found, see Fig. 5.7(d)–(f). The same accounts for the correlation between Nss and
n(D > 40µm)/n, shown in Fig. 5.7(g)–(i), and the correlation between Nss and the the cloud
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Figure 5.8: Number concentration of dissolved sea salt particles Nss observed in the SCL versus
mean values of spectral width σ for three adjacent 300m height ranges, respectively. Bars denote one
standard deviation and the solid line represents a linear fit. The correlation coefficient R is given.
droplet spectral width σ, shown in Fig. 5.8. These negative correlations also contradict the
hypothesis that the largest cloud droplets are formed on the largest CCN, here the see salt
particles.
5.3 Discussion
It is shown that there is a significant negative correlation between D and NCCN. The center
of the drizzle mode µ, obtained by fitting a multi–modal Gaussian distribution to the NSD,
decreases as well with in increase in NCCN. Also, the cloud droplet spectral width σ is
negatively correlated to NCCN.
No indication is found that dissolved sea salt particles influence the number of larger cloud
droplets in the observed shallow convective clouds. Remarkably, the opposite is found: an
increase in Nss is related to a decrease in D and σ.
A plausible explanation is the positive correlation found between Nss and NCCN, see Fig. 5.9.
If the two data points depicted as open circles are not taken into account a correlation
coefficient of R = 0.77 is obtained. Therefore, whenever an increase in Nss is observed there
is also an increase in NCCN and CCN particles strongly influence the cloud droplet NSD. The
two data points shown as open circles belong to November 25 and November 26, two days
with significant impact of long range transport of dust particles and particles generated by
biomass burning over the African region resulting in significantly increased NCCN.
Also, it is possible that the range of observed Nss and NCCN might have been to low to
detect a significant impact of sea salt particle concentration on large droplet formation.
Feingold et al. (1999) and Cheng et al. (2009) found that the impact of GN on precipitation
development was significant if both NGN and NCCN are high. However, the observed CCN













Figure 5.9: Correlation between Nss and NCCN, both observed in the SCL and STP corrected. Bars
denote one standard deviation. The dashed line represents a linear fit including the open circles, and
the solid line represents a linear fit through the black filled circles. The correlation coefficients R are
given for both linear fits.
days the horizontal wind speed did not show a significantly high variability and did not
exceed 11m s−1, prohibiting the production of high values of Nss.
It is concluded that under the observed conditions the impact of CCN particles is the dom-
inating factor affecting the NSD, overshadowing any possible impact of dissolved sea salt
particles, which could possibly act as GN. It is not possible to deduce any clear conclusion
on the impact of dissolved sea salt particles on the NSD.
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6 Connection between Turbulence and Cloud
Microphysics
The turbulent nature of clouds is considered to be a mechanism to induce droplet spectral
broadening. This chapter presents an analysis of the impact of turbulence on cloud mi-
crophysical properties. In Sec. 6.1 dimensionless numbers which characterize the interaction
between droplets and a turbulent flow are analyzed, and in Sec. 6.2 these numbers are related
to cloud microphysical properties. A droplet clustering analysis using the pair correlation
function is presented in Sec. 6.3.
6.1 Characterization of Observed Dimensionless Parameters
To characterize droplet–flow interactions dimensionless numbers are analyzed: (i) the Stokes
number St, (ii) the Froude number Fr, and (iii) the Settling parameter Sv, see Sec. 2.5. In
Fig. 6.1 the local energy dissipation rate ǫ and the before mentioned dimensionless parameters
are shown in form of a Box–and–Whisker plot for all research flights. No separation with
respect to cloud evolutionary stages is applied. Here, the whiskers denote 1.5 times the
interquartile range above the upper quartile (75%) and below the lower quartile (25%).
ε, shown in Fig. 6.1(a), describes the turbulent nature of the observed clouds with median
values in the range of ε ∼ 6·10−4 m2 s−3 to ε ∼ 5·10−3 m2 s−3, indicating a flight–to–flight
variability of 101. On 23 November turbulent clouds with the largest ε values are observed
reaching maximum values of 2·10−2 m2 s−3, while on 27 November clouds showed the smallest
values of ε with minimum values of 5·10−3 m2 s−3. Overall the observations agree well with
previously reported average ε values found in cumulus clouds ranging from 10−3 m2 s−3 to
10−1 m2 s−3 (Shaw et al., 1998).
Figures 6.1(b) to (d) show Box–and–Whisker plots for the dimensionless parameters. The
day with the largest ε is also the day with the largest values of St and Fr, whereas 27
November is also the day with the smallest values of St and Fr. For St the difference in the
median between these two days again amounts to 101, and for Fr a factor of 4 is observed
between the median values of these two days. Regarding Sv the lowest median value is
observed for 24 November with Sv ≈ 0.6, and the largest median value of Sv ≈ 1.2 is
observed for 20 November. These observations agree well with the fact that on 24 November
the observed mean cloud droplet sizes were the smallest, whereas the measurements on 20
November showed very low CCN concentrations and therefore the largest mean cloud droplet
sizes. This indicates, that St and Fr are dominated by ε, whereas Sv is mostly controlled
by D.
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Figure 6.1: Box–and–Whisker plots of (a) local energy dissipation rate ε, (b) Stokes number St, (c)
Froude number Fr, and (d) Settling parameter Sv for individual measurement flights based on data
obtained from all observed clouds (no evolutionary stage separation) in 1 s time increments. Whiskers


















































Figure 6.2: Probability Density Function (PDF) of Stokes number St, Froude number Fr, and
Settling parameter Sv based on data from all observed clouds. Data obtained in 1 s time increments.
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A statistical analysis of the dimensionless numbers is shown in Fig. 6.2. Here, data is again
based on 1 s mean values of cloud droplet and turbulence data. St, illustrated in Fig. 6.2(a),
covers a range between 0 and 0.007, and the largest probability is obtained for the smallest St
values with a steep decrease towards larger values. These values are a bit lower than model
results from Ayala et al. (2008), who used DNS to analyze the geometric collision rates of
cloud droplets. They found that in weakly turbulent clouds (ε ≈ 0.001m2 s−3) droplets with
D ≈ 20µm have St ≈ 0.01. The observed Fr, shown in Fig. 6.2(b), range between 0 and
0.5 and also show the largest probability for the smallest Fr values with a steep decrease
towards larger Fr. For Sv, shown in Fig. 6.2(c), observations indicate a range of 0 < Sv
≤ 3.5, with the largest probability at Sv values of 0.5 to 1 and only a small probability for
Sv > 2. These observations agree well with results from Ayala et al. (2008), where Sv ≈ 1.1
is found for D ≈ 20µm and Sv ≈ 4.3 for D ≈ 40µm. Taking into account the three stages of
cloud evolution, the resulting PDFs (not shown here) show no significant differences between
the individual stages.
6.2 Dimensionless Parameters and Cloud Microphysics
Figure 6.3: Stokes number St versus Settling parameter Sv for 20 November 2010 (black) and 24
November 2010 (red). Data obtained for 1 s time increments.
To analyze the relationship between the dimensionless parameters and the cloud microphys-
ical properties a scatter plot of (St, Sv) is presented in Fig. 6.3. In this plot black data
points belong to 20 November, which is a day with large cloud droplets mainly due to low
NCCN. Red data is obtained from measurements from 24 November, a day with small cloud
droplets mainly due to an overall low observation altitude. The parameter space covered
by both days differs significantly, which is due to the D2 dependence of both St and Sv.
The overall larger droplet size during 20 November leads to larger values of Sv, whereas the
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Figure 6.4: Probability Density Function (PDF) of local energy dissipation rate ε, Stokes number
St, Froude number Fr, and Settling parameter Sv for 22 November (upper panel) and 23 November
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Figure 6.5: Probability Density Function (PDF) of cloud droplet number concentration N , liquid
water content LWC, droplet mean volume diameterDv, and spectral width σ for 22 November (upper
panel) and 23 November (lower panel). Data is based on 1 s increments, and the mean values are
presented.
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It is already shown in Chapter 5 that CCN particles have a strong impact on the cloud
droplet NSD. To estimate the impact of small-scale turbulence on the production of larger
cloud droplets two case studies are presented. In the first case measurements are made during
conditions of similar NCCN but differences in ε, whereas in the second case measurements
were made under comparable in–cloud turbulence conditions but different NCCN.
Findings from 22 November and 23 November are compared in the first case study, where
cloud observations were made at comparable altitudes and with mean SCL NCCN of 170 cm
−3
and 150 cm−3, respectively. However, the energy dissipation rate ε differs between both flights
by a factor of ∼ 2. In Fig. 6.4 PDFs of ε and the dimensionless parameters are shown for these
two days. During 22 November ε observed in clouds was smaller compared to 23 November,
as can be seen by the difference in ε. Also, St and Fr show larger values on 23 November, but
Sv is smaller compared to 22 November. Despite these differences in turbulence parameters,
the cloud microphysical parameters are very similar for clouds observed on these two days,
see Fig. 6.5. Especially, the mean values of the respective parameters are very similar, and
the PDFs yield only slight differences. Overall the observations show differences in in–cloud
small–scale turbulence and the parameters describing flow–droplet interactions, but there
are no significant differences in the cloud micropysical parameters.
The second case study shows a comparison between 20 November and 25 November, two
days with comparable parameters describing in–cloud turbulence and flow–droplet interac-
tions. The observed CCN concentrations in the SCL differ with NCCN = 106 cm
−3 during
20 November and NCCN = 301 cm
−3 during 25 November. Regarding small–scale turbulence
and the dimensionless parameters, illustrated in Fig. 6.6, especially for ε, St, and Fr the
PDFs are similar and St and Fr are almost identical on both days. Only Sv differs sig-
nificantly, both in shape of the PDF and Sv, which show higher values for 20 November.
When comparing cloud microphysical parameters, large differences between the two days are
found both in shape of the PDFs and the mean values of the respective parameters. On 20
November, the day with lower CCN concentrations, N is consequently lower and Dv larger
compared to 25 November. Also, σ covers a larger range with values up to 11µm, compared
to 8µm on 25 November. The significantly larger droplet sizes observed for 20 November
also explain the larger values of Sv found on this day.
Based on these two case studies no dependence between the dimensionless parameters and
the production of large cloud droplets can be found. In contrast, a significant impact of
NCCN on the cloud droplet NSD became again obvious.
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Figure 6.6: Probability Density Function (PDF) of local energy dissipation rate ε, Stokes number
St, Froude number Fr, and Settling parameter Sv for 20 November (upper panel) and 25 November
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Figure 6.7: Probability Density Function (PDF) of cloud droplet number concentration N , liquid
water content LWC, droplet mean volume diameter Dv, and spectral width sigma for 20 November
(upper panel) and 25 November (lower panel). Data is based on 1 s increments, and the mean values
are presented.
76 6. CONNECTION BETWEEN TURBULENCE AND CLOUD MICROPHYSICS
6.3 Pair Correlation Function
The pair correlation function η(l), introduced in Sec. 2.5 as a measure for cloud droplet
clustering, is calculated for individual clouds. For a good estimate of η(l) the counting
process has to be statistically stationary. At the same time the statistical significance of
η(l) increases with increasing number of droplets used for the calculation (Lehmann et al.,
2007). Therefore, only data of the cloud interior region with relatively constant values of N
is used to eliminate effects caused by the entrainment–mixing process. To be more precise,
the following criteria have to be applied to the cloud interior region: N has to be in the range
of N ± σN for a duration of t ≥ 3 s, which is approximately x ≥ 60m. Based on these criteria
η(l) is calculated for a total of 57 clouds. This number is composed of 38 actively growing, 16
decelerated, and 3 dissolving clouds. The significantly smaller number of dissolving clouds
used in this analysis is explained by the overall smaller number of observed dissolving clouds,
smaller dimensions of the cloud interior region (see Fig. 4.15), and larger variability of N in
the interior region (see Fig. 4.18(a)). This makes it harder to find episodes where N can be
considered relatively constant for at least 3 s.
In Fig. 6.8 η(l) is shown for droplet populations of three individual clouds in form of raw
data (grey line) and smoothed data (black line). Because the Kolmogorov microscale LK
represents the length scale for the vortices that initiate the cloud droplet clustering, in
Figure 6.8: Pair correlation function η(l) for droplet populations of three individual clouds. The
grey line represents the raw data, while the black line illustrates a fit through the data.
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Figure 6.9: Vertical distribution of the pair correlation function at the Kolmogorov microscale η(LK)
for actively growing (black), decelerated (blue), and dissolving clouds (red). The mean values for each
stage are given.
these graphics η(l) is shown as a function of the dimensionless length scale l/LK for better
intercomparison of individual clouds. The graph in Fig. 6.8(a) is obtained from 9 s of droplet
data from an actively growing cloud sampled during 23 November. For scales l/LK larger ∼
2, η(l) = 0 is derived, while at smaller scales η(l) < 0. Consequently, for the observed cloud
droplet population no signs of clustering are observed.
In Fig. 6.8(b) η(l) obtained from 5 s of cloud droplet data of a dissolving cloud observed
during 26 November is shown. For scales larger l/LK ∼ 50 a pair correlation function of
η(l) = 0 is found. Towards smaller scales an increase in η(l) is observed with a peak at about
LK, where η(l) ∼ 0.4 indicating cloud droplet clustering.
The pair correlation function shown in Fig. 6.8(c), which belongs to 6 s of droplet data of an
actively growing cloud sampled on 25 November, shows an offset of η(l) ∼ 0.1. This offset
originates from fluctuations in N , possibly induced by larger scale processes connected to
entrainment and mixing of sub–saturated air (Lehmann et al., 2007). Even though criteria
are applied to exclude cloud interior regions which show fluctuation in N , it appears that for
some cases these criteria are not strict enough. In cases where η(l) shows such a deviation
from 0 for larger scales, the offset is subtracted from η(l). For the depicted part of cloud
interior η(l) indicates that cloud droplets are distributed rather randomly.
The vertical distribution of η(LK) is shown in Fig. 6.9 for all clouds for which the pair correla-
tion function could be determined, with separation into actively growing (black), decelerated
(blue) and dissolving (red) clouds. For the shallow cumulus clouds observed in this work no
height dependence of η(LK) is found for any of the three evolutionary stages. η(LK) shows
values in the range of -0.5 to 1.5, and for 81% of observed clouds no signs of clustering are
found indicated by η(LK) ≤ 0. The mean values η(LK) are given for all three evolutionary
stages. Unfortunately, due to the limited observational data for the dissolving stage, a mean-
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Figure 6.10: Correlation between pair correlation function at the Kolmogorov microscale η(LK)
and (a) mean droplet size D and (b) spectral width σ. The solid line represents a linear fit and the
correlation coefficient R is given.
ingful interpretation of this mean value is not possible. The absence of a height dependency
is in contrast to s study performed in stratus clouds, where an increase in droplet clustering
with increasing measurement altitude was found (Lehmann et al., 2007).
Droplet clustering is considered to increaseD and σ of the respective cloud droplet population
(Shaw et al., 1998). Because η(LK) ≤ 0 for the majority of data points no correlation between
η(LK) andD is observed if all data points are considered, see Fig. 6.10(a). For the data points
with η(LK) > 0 a positive correlation is observed with a correlation coefficient of R = 0.72,
indicating that the largest cloud droplets are observed at largest η(LK), but the limited
number of observations should be kept in mind. The same accounts for correlations between
η(LK) and σ, see Fig. 6.10(b), indicating that NSDs with the largest spectral width correlate
with the largest values of η(LK).
6.4 Discussion
A number of numerical studies, (e.g., Shaw et al., 1998; Vaillancourt and Yau, 2000), showed
that maximum droplet clustering occurs at St ∼ 1. Stokes numbers observed in this work
show values of St < 0.01. Consequently, based only on an analysis of the dimensionless
parameter space covered by CARRIBA measurements droplet clustering seems unlikely. The
low values of observed St as well as Sv < 2 are indicative of cloud droplets following the
stream lines of the flow field, thereby avoiding collisions.
The analysis of pair correlation functions η(l) in cloud interiors with relatively constant N
revealed that for 19% of the observed clouds clustering occurred. For these cloud regions
the maximum observed stokes number was St ≤ 0.002. This is in agreement with e.g.,
Lehmann et al. (2007) who found evidence for inertial droplet clustering in shallow convective
clouds with St < 1. A more detailed study of η(l) with respect to the cloud evolutionary
stages would be beneficial, but the criteria necessary to ensure reliable estimation of η(l)
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result in a rather low number of individual trade wind cumuli, especially for dissolving
clouds. Therefore, conclusions about a dependence of droplet clustering on cloud evolution
cannot be drawn.
One possible explanation for the relatively low number of clouds where clustering cloud be
detected is the overall rather low energy dissipation rate ε. It is likely that the amount of
turbulence is not sufficient enough to account for a significant impact of droplet clustering
on the production of larger cloud droplets.
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7 Impact of Turbulent Mixing on Cloud
Microphysics
This chapter focuses on the process of entraining and mixing sub–saturated environmental
air into shallow trade wind cumuli of different evolutionary stages. The entrainment–mixing
process can occur on different pathways: homogeneous or inhomogeneous mixing, as ex-
plained in Sec. 2.6.2. If the mixing type is inhomogeneous an environment is provided which
favors the production of larger cloud droplets. Figure 4.17 from Sec. 4.4.2 already provides a
first idea of the mixing processes occurring in these clouds. Burnet and Brenguier (2007) an-
alyzed data from the Small Cumulus Microphysics Study (SCMS) experiment and found that
these clouds showed features of both homogeneous and inhomogeneous mixing. They ob-
served homogeneous mixing when the LWC was slightly diluted, and inhomogeneous mixing
when the LWC was more diluted. Therefore, it is likely that the dissolving clouds mix rather
inhomogeneously, whereas the actively growing clouds tend to mix more homogeneously.
This chapter starts with a closer look at the relevance of secondary particle activation for the
observed clouds, see Sec. 7.1. Then different methods are used to investigate the prevailing
mixing processes for the individual cloud evolutionary stages in more detail. In Sec. 7.2
case studies are presented using mixing diagrams obtained from individual clouds. Two
statistical approaches are given in Sec. 7.3, and a discussion of influencing factors such as
the before mentioned secondary activation of CCN particles and the impact of humidity
shells around shallow cumuli is presented in Sec. 7.4. Parts of this chapter are adapted from
Schmeissner et al. (2015).
7.1 Secondary Activation of CCN Particles
Before dealing with the entrainment–mixing process and its impact on the NSD of cloud
droplets focus shall be on the different shapes of NSD. During the CARRIBA measurements
three different types of size distributions are found. Some clouds show mono–modal distri-
butions with only one distinct peak at small droplet sizes in the range between 10µm and
20µm. Other clouds show a bi–modal structure in their droplet size distributions with a small
mode peaking at about 10µm. This small mode can be minor or pronounced. A pronounced
small mode is an indication for secondary activation of particles as a result of entrainment
(Warner, 1969). Secondary activation has the potential to significantly increase the total
droplet number concentration and has to be considered when analyzing entrainment–mixing
processes.
To measure the significance of the individual modes of the NSDs of individual clouds Gaussian
fits are applied and the absolute number of droplets Xi of the i–th mode with the size range
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µd,i ± σd,i is calculated. Here, µd,i is the mean and σd,i is the standard deviation of the
Gaussian fit, respectively. X1 is the number of droplets in the small mode, and X2 is the
number of droplets in the main mode. A threshold of X1/X2 < 0.5 is introduced, where
secondary activation is considered to be non–significant. For X1/X2 > 0.5 the impact of
secondary activation is considered to be significant. An example of the three types of droplet
size distributions is given in Fig. 7.1. From the 300 observed clouds 9% show pure mono–
modal distributions, 45% show bi–modal distributions with no significant impact of secondary
activation, and 46% show bi–modal distributions where secondary activation is significant.
All three types of droplet size distributions were found for each cloud evolutionary stage.
Figure 7.1: Example of cloud droplet size distributions for (a) a mono–modal distribution, (b) a
bi–modal distribution with non–significant contribution of droplets formed by secondary activation,
and (c) a bi–modal distribution with a significant small mode formed by secondary activation. The
solid red lines is the fitted distribution, and the dashed red lines represent the individual modes. The
ratio of the number of droplets in the small mode X1 to the number of droplets in the main mode
X2 is given for the bi–modal distributions.
7.2 Mixing Diagram Analysis
To analyze the mixing type occurring in the observed trade wind cumuli mixing diagrams are
used. An example of a mixing diagram for each of the three cloud evolutionary stages is shown
in Fig. 7.2, where each diagram contains data from one individual cloud. The colors indicate
the mixing fraction χ of entrained air with χ = (qt−qtc)/(qte −qtc) (Kain and Fritsch, 1990).
Here, qt is the total water mixing ratio and the subscripts“e”and“c”denote the environmental
and cloud values, while the overbar marks the mean value. For non–adiabatic conditions χ
is a measure of the relative dilution of cloud regions with respect to the maximum observed
total water mixing ratio within the respective cloud. In the diagrams 0 ≤ χ < 0.33 is color
coded red, 0.33 ≤ χ < 0.66 is coded green, and 0.66 ≤ χ ≤ 1 is coded blue. The open circles
represent data obtained from the edge region of the cloud, whereas full circles are derived from
the cloud interior. Each data point is derived by integrating over 1 s of cloud microphysical
data. Solid curved lines, as well as the horizontal line where the cubed normalized mean
volume diameter D3v,n = 1, represent homogeneous mixing lines for environmental air with
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a certain sub–saturation given in percentages of RH. The thick line represents the actual
environmental RH.













































































Figure 7.2: Mixing diagrams of (a – c) actively growing clouds, (d – f) decelerated clouds, and (g – i)
dissolving clouds. Solid lines starting at [1,1] represent the variation of the normalized mean volume
diameterD3v,n and the normalized cloud droplet number concentrationNn during homogeneous mixing
of entrained air with different saturation values (given in percentages ofRH). The thick line represents
the actual environmental RH . The color code indicates the fraction of entrained air χ. Open circles
represent data points obtained from the edge regions of the clouds, whereas full circles are derived
from the cloud interior.
Three examples of actively growing clouds are depicted in Figures 7.2(a)–(c). Clouds at this
evolutionary stage are not significantly affected by secondary activation, according to our
definition (Sec. 7.1). Figures 7.2(a)–(b) show an accumulation of data points around the
saturation line for 99% RH indicating homogeneous mixing, but at a significantly higher
RH than the environment (RH = 80%). Data points with small χ are derived from the
interior of the cloud and also show the largest values of Nn and D
3
v,n. Data points from the
cloud edges show larger χ values, indicating that due to mixing the fraction of entrained air
is between 67% and 100% relative to the maximum observed qt,c. The cloud represented by
Fig. 7.2(c) also seems to have undergone homogeneous mixing, even though the data points
are not directly placed on one homogeneous mixing line, but are clustered between the lines
of 90% and 99% RH. Based on Sec. 2.1 an absolute error of ∆Nn ≈ 0.2 and ∆D
3
v,n ≈ 0.2 is
estimated. It should be noted that this error is the same for all data points in the diagram.
Therefore, the data ensemble would only be shifted but the structure remains the same. This
7.2. MIXING DIAGRAM ANALYSIS 83
can explain why the red colored data points in Fig. 7.2(c) are located slightly to the right
of the thick saturation line (but cannot explain the points lying to the right of the thick
saturation line in Fig. 7.2(g) and Fig. 7.2(h), as discussed below). Again, data points with
the largest values of Nn and D
3
v,n have the smallest χ values, whereas data which deviate
the most from adiabatic conditions have the largest χ values. For all three active clouds, the
D3v,n values derived from the cloud interior decrease from almost 1 to about 0.6 (Figs. 7.2(a)
and 7.2(b)) and 0.4 (Fig. 7.2(c)). Cloud edge data show even lower normalized diameters
down to 0.2. The normalized cloud droplet number concentration is mostly larger for the
interior than for the edges. Nn ranges from 0.2 to 0.7 (Fig. 7.2(a) and (b)) and even up
to 1.0 (Fig. 7.2(c)) for the interior, and reaches maximum values of 0.6 (Fig. 7.2(c)) for the
cloud edge.
Figures 7.2(d)–(f) show mixing diagrams for three decelerated clouds. Again, data points
with the lowest χ show the largest values of Nn and D
3
v,n. The data points of the cloud shown
in Fig. 7.2(d), which has a droplet size distribution with no signs of significant secondary
activation, are located closely to the homogeneous mixing line for 99% RH. In Figs. 7.2(e)
and 7.2(f) clouds with droplet size distributions showing significant secondary activation are
depicted. Data belonging to these clouds are distributed rather horizontally in the [Nn;D
3
v,n]
diagram. Nn ranges from almost 0 to 0.6 (Fig. 7.2(e)) and to 0.5 (Fig. 7.2(f)), whereas the
droplet size remains almost constant at ≈ 0.5. An error in Dv,ad due to ∆Nad = 20 %
(see discussion in Sec. 2.1) can only explain a horizontal displacement in the diagram of
approximately 10 %. Therefore, the observed horizontal distribution at D3v,n ≈ 0.5 is not
attributed to measurement uncertainties. The deviation from D3v,n = 1 is most likely caused
by the impact of secondary activation of entrained CCN particles after the entrainment–
mixing process and subsequent lifting of the mixed air parcel.
Mixing diagrams for dissolving clouds are shown in Figures 7.2(g)–(i), where again data
points with the lowest χ belong to the largest Nn, even though for the droplet size only rela-
tively low normalized values are observed. The diagrams show points located horizontally at
D3v,n of about 0.5 (Figs. 7.2(g) and 7.2(i)) and about 0.3 (Fig. 7.2(h)). These distributions of
data points, which is similar to the decelerated clouds depicted in Fig. 7.2(e) and Fig. 7.2(f),
indicate inhomogeneous mixing. Also remarkable are the high normalized number concen-
trations observed in Fig. 7.2(g) and 7.2(h), which are close to adiabatic conditions. The
position of data points to the right of the saturation line corresponding to the environmental
RH cannot be explained by mixing alone. But both clouds have droplet size distributions
with a significant small mode. Therefore, secondary activation, which acts as a local droplet
source, is most likely the cause of the high Nn values to the right of the thick saturation
line. For all three dissolving clouds the data points observed from the edge of the clouds
correspond to low Nn values, whereas the interior data shows larger normalized number
concentrations. The cloud shown in Fig. 7.2(i) is not significantly affected by secondary ac-
tivation. This cloud shows mostly low χ values in the interior, which implies that this cloud
region is uniformly diluted with respect to the maximum observed qt,c. Also, it is assumed
that max[qt,c] deviates significantly from the adiabatic value of qt,c.
The same clouds as in Fig. 7.2 as depicted in Figure 7.3, but with a color code indicating bins
of vertical velocity w. Model studies such as e.g., Jarecka et al. (2013) found that data points
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Figure 7.3: Mixing diagrams of (a – c) actively growing clouds, (d – f) decelerated clouds, and (g – i)
dissolving clouds. Solid lines starting at [1,1] represent the variation of the normalized mean volume
diameterD3v,n and the normalized cloud droplet number concentrationNn during homogeneous mixing
of entrained air with different saturation values (given in percentages ofRH). The thick line represents
the actual environmental RH . The color code indicates the vertical velocity w. Open circles represent
data points obtained from the edge regions of the clouds, whereas full circles are derived from the
cloud interior.
related to the largest vertical velocities were also found to be closest to adiabatic conditions.
Such a relationship is found only for few clouds, e.g., Fig. 7.2(a) and Fig. 7.2(b). It is assumed
that because measurements presented here are performed at ≈ 100m below cloud top, data
presented in this work does not show confirm this theory. Nevertheless, Fig. 7.3 shows that
homogeneous mixing occurs in clouds with high updrafts, whereas inhomogeneous mixing is
found in clouds with rather low to negative vertical velocities, which is in agreement with
findings from Jarecka et al. (2013).
Based on Fig. 7.2 and Fig. 7.3 the hypothesis is made that there is a trend for a transition
from homogeneous towards inhomogeneous mixing as the clouds evolve from the actively
growing to the dissipating stage. In actively growing clouds the droplet size and droplet
number concentration decrease as a result of homogeneous mixing. When the cloud reaches
the dissipating stage, the droplet size deviates significantly from its adiabatic value because
of the reduction in size when the cloud was still at the actively growing stage. Due to
inhomogeneous mixing the cloud droplet size then remains rather constant but the droplet
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number concentration decreases strongly in the dissolving clouds and the data points are
located almost horizontally at lower values of D3v,n. The diagrams for the dissolving stage
closely resemble the mixing diagram of Case III (Fig. 5c) from Lehmann et al. (2009) which
shows inhomogeneous mixing in a dissipating cloud.
7.3 Statistical Mixing Analysis
Figure 7.4: Probability density function (PDF) of the spread in droplet mean volume diameter
∆D3v,n for (a) actively growing, (b) decelerated, and (c) dissolving clouds, which have bi–modal NSDs
that show signs of significant secondary activation. The median value < ∆D3v,n > is given.
Figure 7.5: Probability density function (PDF) of the spread in droplet mean volume diameter ∆D3v,n
for (a) actively growing, (b) decelerated, and (c) dissolving clouds, which which have bi–modal NSDs
that show no signs of significant secondary activation. The median value < ∆D3v,n > is given.
To analyze an ensemble of clouds instead of only looking at mixing diagrams of individual
clouds statistical measures are applied. As a fist step the spread in the cubed droplet size
∆D3v,n is calculated for all individual clouds based on the respective mixing diagrams where
no discrimination between cloud edge and interior data is applied (see also Sec. 2.6.2). Fig-
ure 7.4 shows the probability density function (PDF) of ∆D3v,n for clouds with bi–modal
NSDs showing signs of significant secondary activation. The actively growing clouds have
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Figure 7.6: Probability density function (PDF) of the spread in droplet mean volume diameter
∆D3v,n for (a) actively growing and (b) dissolving clouds, which have mono–modal NSDs that show
no signs of significant secondary activation. The median value < ∆D3v,n > is given.
∆D3v,n values ranging from 0 to 1, with most ∆D
3
v,n being between 0.1 and 0.6. The de-
celerated clouds have maximum ∆D3v,n values of 0.9 with a pronounced peak at 0.25. The
dissolving clouds have the smallest range with 0.1 ≤ ∆D3v,n ≤ 0.5. All three cloud stages
show comparable median values of ∆D3v,n.
In Fig. 7.5 PDFs of ∆D3v,n are shown for clouds with bi–modal NSDs which show no sings
of significant secondary activation. The actively growing clouds cover a wide distribution of
∆D3v,n values ranging up to 1.4. Clouds of the decelerated stage cover a ∆D
3
v,n value range of
0 to 1 with a peak at 0.15. The dissolving stage shows a narrow distribution compared to the
actively growing stage with ∆D3v,n values ranging up to 0.9. Also, the dissolving stage shows
a large probability for ∆D3v,n values below 0.4 when compared to the other evolutionary
stages. This is reflected in the median values of ∆D3v,n which are 0.51 for active clouds,
0.31 for the decelerated clouds, and 0.21 for the dissolving stage. The larger spread for the
actively growing clouds indicates a trend towards homogeneous mixing, whereas the smaller
spread for the dissolving clouds supports the finding of the mixing diagrams of inhomogeneous
mixing.
The same spread analysis is shown in Fig. 7.6 for clouds with mono–modal distributions.
Here, only the actively growing and dissolving stage are shown, because for all clouds in
the decelerated evolutionary stage ∆D3v,n ≤ 0.1 is found with < ∆D
3
v,n > = 0.03. Actively
growing clouds have 0.1 ≤ ∆D3v,n ≤ 1.1 with a peak at about 0.35 and a median value of
< ∆D3v,n > = 0.38. The dissolving clouds, in contrast, cover a range of 0 ≤ ∆D
3
v,n ≤ 0.5
with ≈ 85% of all clouds having values below 0.2, and a median value of all dissolving clouds
of < ∆D3v,n > = 0.12.
The spread analysis shown in Fig. 7.4 to Fig. 7.6 supports the hypothesis of mostly homo-
geneous mixing in actively growing clouds and a dominance of inhomogeneous mixing in
dissolving clouds. This result becomes more obvious when clouds which show signs of sec-
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ondary activation are excluded from the analysis. Unfortunately, the number of clouds with
mono–modal NSDs is with 9% low, which makes the results for this sub–set of clouds less
statistically significant.
Figure 7.7: Dv–susceptibility α showing the relative changes in D
3
v,n related to relative changes in
Nn for clouds with bi–modal size distributions with significant signs of secondary activation. The
solid line represents a linear fit and its slope α is given in each graph. Also, the correlation coefficient
R between the fit and the data points is given. Bars denote the 25th and 75th percentile of D3v,n for
each data point.
As a second statistical tool the Dv–susceptibility α is determined for all clouds showing signs
of significant secondary activation using a log–log diagram, see Fig. 7.7. For each cloud stage
the median value of ln(D3v,n) within bins of ln(Nn) is calculated and plotted. Bars denoting
the 25th and 75th percentile of D3v,n are given for each bin. The data are fitted linearly and
the slope represents the Dv–susceptibility α for the respective cloud stage. No distinction
between cloud interior and edge has been made.
The actively growing and the dissolving cloud stage show the same α values of 0.03, whereas
the decelerated cloud stage has a slightly higher value of α = 0.08. For the actively growing
and the decelerated stage the correlation coefficient R is relatively high with R = 0.88 and
R = 0.93, respectively. For the dissolving stage R = 0.69 is obtained, which is comparably
lower. This can be explained by the lower number of clouds.
Fig. 7.8 shows the Dv–susceptibility for clouds having bi–modal NSDs without signs of
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Figure 7.8: Dv–susceptibility α showing the relative changes in D
3
v,n related to relative changes in
Nn for clouds with bi–modal size distributions showing no significant signs of secondary activation.
The solid line represents a linear fit and its slope α is given in each graph. Also, the correlation
coefficient R between the fit and the data points is given. Bars denote the 25th and 75th percentile
of D3v,n for each data point.
significant secondary activation. The actively growing clouds show a relatively large Dv–
susceptibility value of α = 0.13, compared to the other two evolutionary stages. The decel-
erated and dissolving stage show similar α values of 0.07 and 0.06, respectively. Also, all
three stages show relatively high correlation coefficients.
Data for clouds with purely mono–modal NSDs is depicted in Fig. 7.9. The actively growing
clouds show a large Dv–susceptibility value of α = 0.21. For the decelerated stage a suscep-
tibility value of α = 0.07 is obtained, and for the dissolving clouds with purely mono–modal
distributions α = 0.0 is obtained. The overall relatively low correlation coefficients can be
explained by the relatively low number of clouds with purely mono–modal cloud droplet size
distributions.
It is concluded that when only taking into account clouds with purely mono–modal NSDs
the actively growing clouds have a larger decrease in diameter as the number concentration
decreases, compared to the dissolving clouds. Therefore, the homogeneity of mixing decreases
with cloud stage from active to dissolving, even if actively growing clouds are not close to pure
homogeneous mixing (i.e., α ∼ 1.66). Also, part of the deviation from perfect homogeneity
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Figure 7.9: Dv–susceptibility α showing the relative changes in D
3
v,n related to relative changes in
Nn for clouds with purely mono–modal size distributions. The solid line represents a linear fit and its
slope α is given in each graph. Also, the correlation coefficient R between the fit and the data points
is given. Bars denote the 25th and 75th percentile of D3v,n for each data point.








   
   
    
     


















Figure 7.10: Ratio of the number of droplets with D > 40µm to the number of all cloud droplets
observed in actively growing (black) and dissolving (red) clouds during each research flight.
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may likely be due to more complicated factors such as secondary activation, which tend to
mask the signature of homogeneity.
Figure 7.10 shows the ratio of the number of cloud droplets with D > 40 µm to the number of
all cloud droplets n(D > 40)/n observed in actively growing and dissolving clouds measured
during each research flight. Overall the largest values of n(D > 40)/n are obtained for 20
November and the smallest values are found for 25 November, which are the days with the
lowest and highest number concentration of CCN particles, respectively. This again reflects
the impact of CCN particles on the NSD. With respect to the cloud evolutionary stage it is
obvious that for all but one flight the dissolving clouds show a slightly to significantly larger
number of large droplets compared to the actively growing stage. Considering the tendency
for homogeneous mixing in actively growing clouds and inhomogeneous mixing in dissolving
clouds, this result is consistent with the theory, that the inhomogeneous mixing process favors
the formation of larger droplets. During inhomogeneous mixing the cloud droplet number
is decreased as cloud droplets close to the mixing interface evaporate completely to restore
supersaturation. In case of subsequent lifting of the mixed parcel, the reduced cloud droplet
surface provides the possibility for the formation of larger droplets.
7.4 Influencing Factors
In this section two mechanisms are investigated which result in large changes in LWC
and N but nearly constant Dv, as seen in Fig. 4.17. Similar findings were obtained by
Paluch and Knight (1984), Blyth and Latham (1990), and Gerber et al. (2008), who found
a predominance of large changes in LWC accompanied by steady values of the cloud droplet
size (Dv or effective radius re). The two mechanisms of interest are both connected to the
entrainment and mixing process and have to be taken into consideration when analyzing e.g.,
mixing diagrams.
7.4.1 Mechanism of Secondary Activation
Entrainment and mixing at cloud edge can have an impact on the process
of secondary activation of aerosol particles that are entrained into the cloud.
Secondary activation of CCN is a well–known process which can explain a
significant proportion of small droplets that is sometimes observed well above
cloud base (Baker and Latham, 1979; Paluch and Knight, 1984; Austin et al., 1985;
Hill and Choularton, 1985; Stith and Politovich, 1989; Paluch and Baumgardner, 1989;
Pontikis and Hicks, 1993; Brenguier and Chaumat, 2001). Also, in LES studies this phe-
nomenon was observed to produce small droplets in the mixing zone well above cloud base
(Slawinska et al., 2012). In the course of this work some clouds which were sampled well
above cloud base show a large number of very small droplets, as can be seen in Fig. 7.2g and
48 other clouds for which the mixing diagrams are not explicitly shown here. The occurrence
of secondary activation seems a plausible explanation because of the weak condensational
sinks due to low cloud droplet number concentrations of 100 cm−3 to 200 cm−3 as observed
7.4. INFLUENCING FACTORS 91
during CARRIBA. Therefore, in this section secondary activation is reviewed with respect
to homogeneous and inhomogeneous mixing.
For the discussion of secondary activation the evolution of supersaturation, described by
dS/dt = a0w− bN
D
2 S, is the controlling factor. Here, S is the supersaturation, and a0 and b
are thermodynamic coefficients. Also, in liquid water clouds the quasi–steady supersaturation
Sqs = (a0 · w)/(b ·N ·
D
2 ) defines the equilibrium supersaturation, which is reached when an
increase (decrease) in RH is balanced by the depletion (release) of water vapor by cloud
droplets (Cooper, 1989; Rogers and Yau, 1989; Korolev and Mazin, 2003). Droplet size and
number as well as w determine the amount of S. Therefore, it is essential that the mixed
fraction of environmental air into a positively buoyant cloud parcel is sufficiently small,
causing the parcel to remain positively buoyant with an updraft velocity. Due to adiabatic
expansion RH will increase in such a rising parcel.
In the case of homogeneous mixing the environmental and cloudy air mix instantaneously.
Due to the reduction in droplet size and number concentration the adjusted Sqs will be
larger than its initial value before the mixing process. The largest and most hygroscopic
CCN, which were transported into the cloud during the entrainment process, likely have a
critical supersaturation below Sqs and will be activated.
During inhomogeneous mixing a large portion of the environmental air which is mixed into
the cloud remains separated from the cloudy air for the time span of the turbulent mixing
time scale τt. As the entrained parcel rises a linear increase in RH in this parcel occurs
because there are no droplets to act as sinks. If the environmental air is sufficiently humid
(close to saturation as was observed during the measurements) then RH could reach 100%
and beyond, which leads to the activation of CCN until the number of droplets is large enough
to deplete the supersaturation and relax to a quasi–steady value. The progress of this process
is limited by τt, w of the cloud, and the initial RH of the entrained air. It is possible to
estimate the maximum increase in supersaturation during one eddy turnover by looking at
the equation for evolution of supersaturation: dS/dt = a0w − bN
d
2S. Due to dilution and
complete evaporation of the cloud droplets the equation will reduce to dS/dt = a0w. Here,
dt = τt where τt = (L
2
E/ε)
1/3 is the time needed for an eddy with initial dimension LE to
be completely mixed in a turbulent environment with the local energy dissipation rate ε.
Assuming LE = 100m and ε = 10
−3 m2 s−3, as well as w = 1ms−1 and a0 = 5 ·10
−4 m−1, an
increase of 10% in S can be reasonably expected during one mixing time scale. Therefore,
especially if almost saturated air is mixed into the cloud saturation can plausibly be reached
and supersaturations adequate for secondary activation can be produced.
Figure 7.11 shows a profile of the difference between the mean volume diameter Dv and
the arithmetic mean droplet diameter D for the actively growing and the dissolving clouds.
This difference provides a useful measure for the number of small cloud droplets. For the
dissolving stage this difference increases with height, which indicates that the number of
small cloud droplets increases significantly with height, compared to the active stage. This
provides evidence that secondary activation takes place at some point in the evolution of the
observed dissolving clouds.
Krueger (2008) studied the entrainment mixing process using an Explicit Mixing Parcel
92 7. IMPACT OF TURBULENT MIXING ON CLOUD MICROPHYSICS
Figure 7.11: Profile of the difference between Dv and D for actively growing (full circles) and
dissolving (open circles) clouds. No separation between cloud interior and edge region is applied.
Model, which calculates the growth of thousands of individual droplets based on each
droplet’s local environment. By entraining CCN with a number concentration identical
to the CCN concentration at cloud base as well as subsequent lifting of the mixed parcel
similar results were obtained as in Fig. 7.2(g) and 7.2(h). In their case (Fig. 12 in Krueger
(2008)) the normalized droplet size also decreased to about 0.4 whereas the droplet number
was close to that expected in an adiabatic parcel.
Even without mixing, secondary activation would be possible if there were some larger cloud
droplets which can serve as collector droplets in the cloud. By collision and coalescence with
smaller cloud droplets N would be reduced which would again lead to an increase in Sqs
(Pontikis and Hicks, 1993). 65% of the observed clouds that showed signs of secondary acti-
vation showed also broad size distributions containing some droplets with diameters greater
than 50µm.
7.4.2 Impact of Humidity Halos
Another explanation of the observed large changes in LWC and N but nearly constant Dv
in Fig. 4.17 is the entrainment of almost saturated air. Entrainment of environmental air
that is almost saturated results in only minor evaporation of cloud droplets in the mixing
zone (Burnet and Brenguier, 2007; Gerber et al., 2008), and the mixing process reduces to
simple dilution. In order to corroborate this idea the cloud environment is investigated in
terms of a possible humid shell surrounding the cloud. Such shells - also called humid-
ity halos - have been observed by aircraft measurements (e.g., Malkus, 1949; Ackerman,
1958; Perry and Hobbs, 1996; Lu et al., 2003; Laird, 2005) and by modeling studies (e.g.,
Slawinska et al., 2012) and seem to be typical features of trade wind cumuli.
Figure 7.12 shows a cross section of w (black line) and the absolute humidity a (blue line)
in representative clouds of the three evolutionary stages. The cloud in terms of the LWC
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is shown as a grey area and the edges of each cloud are marked by a solid vertical line. It
is quite obvious that for each cloud a region directly adjacent to the cloud edges is found,
where a is still relatively high compared to environmental values. That is, the clouds are
surrounded by a humid shell with a horizontal dimension in the order of a few tens of meters.
Figure 7.12: Cross section through (a) an actively growing, (b) a decelerated, and (c) a dissolving
cloud showing liquid water content LWC (grey shaded area), vertical velocity w (black line), and
absolute humidity a (blue line). Solid vertical lines mark the edges of the cloud and the dashed lines
mark the edges of the humid shell. The light grey shaded rectangle area represents the region of the
humid shell.
Before investigating the frequency of the occurrence of such humidity halos, the structure
of such humid shells is shown for the different cloud stages. Therefore, the following simple
criteria are applied to identify a humid shell: the shell has to be positioned in the downdraft
area outside the cloud (LWC < 0.02 gm−3) and a has to be larger than the median value
of a in the nearby cloud–free environment. In Fig. 7.12, this humid shell region is shaded
light grey in the graphics and its end is marked by a dashed vertical line. The horizontal
extent of these shells is highly variable and ranges from 20m to 600m and seems to differ for
downshear and upshear sides of the cloud. Lu et al. (2003) and Laird (2005) among others
found that the halo is broader in the downshear direction compared to the upshear direction.
This can be explained by cumulus cloud dynamics, which favor cloud growth of the upshear
side and cloud decay on the downshear side (Lu et al., 2002).
To study the humid shells statistically the 90th percentile of the absolute humidity in the
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Figure 7.13: Probability density function (PDF) of β = (ashell − aenv)/(aint − aenv), where ashell
is the 90th percentile of the absolute humidity a in the humid shell around the cloud, aint is the
90th percentile of a in the interior of the cloud, and aenv is the median value of a in the cloud–free
environment. The distribution as well as the mean value β is given for (a) actively growing, (b)
decelerated, and (c) dissolving clouds.
shell (ashell) is related to the 90th percentile of a in the cloud interior (aint) by taking into





In the case of β = 0 there is no humid shell around the respective cloud, whereas β =
1 indicates that the shell is as humid as the cloud interior. The ratio β is independent
from differences in the measurement heights and the general day–to–day variability of cloud
measurements. Figure 7.13 shows the PDFs of β for the actively growing, decelerated, and
dissolving cloud stage. The active clouds cover the whole range of β values with broad peaks
ranging from 0.6 to 0.8. For the decelerated clouds a similar distribution of β is found. The
dissolving clouds show no values of β < 0.1 and a distinct peak at about β = 0.75. The mean
values of 0.56, 0.55, and 0.63, respectively, indicate that the region around the clouds is on
average more humid than the further away cloud–free environment. No significant difference
is found as the clouds transition from the active to the dissolving stage.
Closely linked to humid shells are areas commonly referred to as subsiding shells
(Telford and Warner, 1962). Heus and Jonker (2008) analyzed subsiding shells around shal-
low cumuli using Large Eddy Simulations (LES) and Katzwinkel et al. (2014) observed such
shells around shallow cumuli sampled during CARRIBA. Both found that the horizontal
extension of these subsiding shells increases with increasing cloud age.
To analyze the horizontal extent of the humid shell around the cloud at a certain height
level the approach presented by Perry and Hobbs (1996) is used. The humidity around the
cloud is expressed as decaying exponentially from the average absolute humidity in the cloud
interior, aint, to the average absolute humidity in the cloud–free environment, which is not
influenced by the subsiding shell, aenv. Therefore, a at the outer edge of the humid shell is
arbitrarily defined based on the e–folding decay of the profile of a and the humid shell is the
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Figure 7.14: Box–and–Whisker plot of the halo length around the clouds (a) in meters, and (b)
in cloud radii obtained for the three cloud stages. Boxes represent 50% of the data and contain the
median value. Whiskers mark the 12.5th and 87.5th percentile, thus representing 75% of the data.
region in which a around the cloud exceeds the e–folding value ae calculated using





The problem that not all humid shells follow exactly an exponential function is taken notice
of, but a more detailed study of the shell width is beyond the scope of this work. The
humidity halo is calculated only for the side of the cloud facing the measurement platform,
because of still evaporating droplets producing false information when transitioning from the
cloud region to the cloud–free environment.
The horizontal extent of the halo is shown in Fig. 7.14 for the three cloud stages in terms of
Box–and–Whisker plots. The median halo length is≈ 35m for the active stage, ≈ 45m for the
decelerated stage, and ≈ 25m for the dissolving stage, see Fig. 7.14(a). Regarding the 87.5th
percentile a small increase from about 150m to 200m is observed when transitioning from
the active to the dissolving stage. When measuring the halo length in terms of cloud radii
an increase in relative length is observed for the transition from the active to the dissolving
stage, as can be seen in Fig. 7.14(b). Median values range from 0.15 for the actively growing
clouds to 0.55 for the dissolving stage. The 87.5th percentile also shows a steady increase
from 1 to 2 during this transition. This increase of the halo length expressed in cloud radii is
in agreement with findings of Lu et al. (2003) and Laird (2005) who found an increase in the
average and variability in halo length measured in cloud radii of observed cumulus clouds.
Based on an LES study Heus and Jonker (2008) found an increase in the dimension of the
subsiding shell around cumulus clouds over time, and Katzwinkel et al. (2014) observed such
an increase for measured shallow cumuli during CARRIBA.
Based on Eq. 7.2, for about 33% of the sampled clouds a humidity halo has been observed.
This number is significantly lower than numbers found in e.g., Laird (2005), who found
humidity halos for 86% of observed cloud boundary traverses. One possible explanation is
the overall high relative humidity of usually ≈ 80% observed during CARRIBA in cloud free
air. Figure 7.15(a) gives an example of the calculation of the e–folding value ae for an actively
growing cloud observed on 21 November. ae, marked by a red cross, is reached outside of the
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Figure 7.15: Example of the halo length for (a) an actively growing cloud where the e–folding value
of the absolute humidity ae is observed outside of the cloud, and (b) an actively growing cloud where
ae is located within the cloud. The blue curve represents the absolute humidity a and the black curve
represents the cloud in terms of LWC. The mean values of a inside the cloud and in the cloud–free
vicinity are given. The red cross marks the location of ae.
cloud resulting in a halo length of ≈ 350m. In contrast, in Fig. 7.15(b) the e–folding value
ae would be reached within the actively growing cloud, observed on 24 November. However,
while calculating the halo length using Eq. 7.2 fails in this example, a halo with a length
of ≈ 120m can be determined visually by analyzing the trend of a. When determining the
existence of a humidity halo visually, such a humid shell can be found for 52% of the observed
clouds.
As can be seen, the determination of a humid shell and its length is not straight forward.
Besides the overall high humidity in the tropical trade wind region the density of the observed
cloud fields in terms of cloud–to–cloud distance makes it difficult to reliably determine aenv.
Nevertheless, the frequent existence of such humid shells is shown.
As the humid shells grow to the length of the large eddy length scale LE the mixing of
entrained air approaches pure dilution with no evaporation taking place. If the entrained
air parcel experiences lifting secondary activation is likely due to the high RH. Therefore,
the existence of broad humid shells as observed for the dissolving clouds favor the process
of secondary activation. Due to the generally negative vertical velocity associated with
dissolving clouds, this can only occur locally.
It is often stated that it is impossible to distinguish between homogeneous and inhomogeneous
mixing if the environmental air is close to saturation. The classical picture of inhomogeneous
mixing is entrainment of unmodified environmental air and subsequent complete evaporation
of portions of the cloud, while the cloud core is preserved, until the mixture of clear but
humidified air is able to mix thoroughly with the cloudy air. The result is simple dilution
on the mixing diagram. The humid shell can be viewed as the product of that initial stage
of inhomogeneous mixing, and the subsequent mixing of humid shell air with the cloud can
be viewed as the final stage of inhomogeneous mixing. Therefore, in this work the humid
shell is considered a part of the inhomogeneous mixing process. This is consistent with the
schematic of Fig. 8 in Katzwinkel et al. (2014) where the evolution of the different cloud
regions over time is illustrated.
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7.5 Discussion
The analysis of individual clouds based on mixing diagrams indicates a trend from homo-
geneous to inhomogeneous mixing when the observed shallow cumuli transition from the
active to the dissolving stage. A statistical analysis based on the spread in the cubed droplet
size ∆D3v,n and the Dv–susceptibility α support these findings. But results become more
complex and harder to interpret due to the impact of secondary activation and the existence
of humidity halos at the edges of these clouds. When only clouds without any signs of sec-
ondary activation are taken into consideration, the trend from homogeneous mixing for active
clouds to inhomogeneous mixing for dissolving clouds is most obvious. The median value
of the spread in the cubed droplet size decreases from < ∆D3v,n >= 0.38 to < ∆D
3
v,n >=
0.12 and the Dv–susceptibility decreases from α = 0.21 to α = 0. A dependence of the
mixing type on the evolutionary stage of the cloud can also explain why previous studies
came to different results regarding the dominant mixing type in shallow convective clouds,
as mentioned in Sec. 1.
During the entrainment process CCN particles are transported into the clouds. If these
particles are activated the NSD is broadened towards smaller droplet sizes. For 46% of
the observed clouds signs of such secondary activation are found. At the same time the
entrainment–mixing process causes the formation of a humid shell around the clouds due
to the evaporation of cloud droplets at the cloud–clear air interface. It is found that this
humid shell increases when the cloud transitions from the active to the dissolving stage.
Subsequent entrainment of pre–moistened air from the humid shell, combined with upward
motions inside the clouds, allows cloud droplets to grow to large sizes, especially if the mixing
type was inhomogeneous. However, an analysis for individual dissolving clouds showed only
a weak positive correlation of R = 0.4 between the width of the halo and the number of
droplets with D > 40µm.
For the majority of the dissolving clouds the fraction of droplets with D > 40 µm is larger
compared to the actively growing clouds, supporting the theory that inhomogeneous mixing
favors the production of larger cloud droplets. It is concluded that next to the CCN con-
centration dispersed in the SCL the mixing type at the edges of shallow trade wind cumuli
impacts the production of collision–coalescence initiator droplets.
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8 Summary and Outlook
This chapter provides a brief summary of the presented results. Also, an outlook towards
further research, which could potentially bring more insight in the presented topics, is given.
Parts of this chapter are adapted from Schmeissner et al. (2015).
8.1 Summary
The fast production of rain in shallow convective clouds is still a challenging process to
implement in climate prediction models. Within the scope of this work different process are
analyzed with respect to their contribution to the production of larger cloud droplets with
diameters of D > 40µm, which serve as collision–coalescence initiators. The processes of
interest are:
(i) The roles of cloud condensation nuclei and dissolved sea salt particles.
(ii) The interaction between the turbulent flow field and cloud droplet motion.
(iii) The mixing process of environmental air into shallow trade wind cumuli.
Data of shallow trade wind cumuli obtained during the CARRIBA campaign in Novem-
ber 2010 near Barbados form the basis of the presented results. Data were obtained by
helicopter–borne measurements performed with the payload ACTOS with a spatial resolu-
tion in the decimeter range. The investigated clouds were classified into three stages of their
life cycle according to criteria based on vertical velocity w and buoyancy acceleration B in
the cloud interior, as proposed by Katzwinkel et al. (2014). A data set of 177 actively grow-
ing, 91 decelerating, and 32 dissolving clouds has been identified. This work presents the
first detailed analysis of cloud microphysical response to varying aerosol loads, small–scale
turbulent flow fields, and entrainment as a function of cloud evolutionary stage.
It is found that the cloud droplet number concentration N and cloud liquid water content
LWC decrease strongly during the transition from the active to the dissolving stage. This
decrease occurs in the cloud interior as well as in the edge region of the clouds. The mean
volume diameter Dv in contrast shows only a small decrease. This behavior is attributed
to the presence of humidity shells around the observed clouds which reduce the evaporation
of cloud droplets during the entrainment–mixing process at cloud edges. These areas of
enhanced humidity increase in horizontal extent as the clouds transition from the active to
the dissolving evolutionary stage.
Regarding aerosol particles a significant impact of different CCN loads on the cloud droplet
number size distribution is observed. An increase in NCCN correlates with an increase in
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N and a decrease in D. It is found that an increase of NCCN from 100 cm
−3 to 200 cm−3
causes a decrease of ∼ 20% in the mean droplet size. The parameter µ, describing the center
of the largest mode observed in the NSD, also decreases with increasing NCCN, as does the
spectral width σ. The spectral dispersion σ/D shows only a weak negative correlation with
NCCN, contradicting the dispersion effect described by Liu and Daum (2002). A possible
explanation is the positive relation between N and w. Regarding the impact of NCCN on the
shape of the NSD as well as N , LWC, and Dv, no significant differences are observed for
the cloud evolutionary stages.
A negative correlation between Nss and parameters describing the shape of the NSD is found,
also contradicting the theory of large cloud droplet formation on large sea salt particles. This
result was enforced by a positive correlation between Nss and NCCN. The significant impact
of CCN particle load on NSD prohibits a clear conclusion whether or not Nseasalt has an
underlying effect on NSD.
An analysis of Stokes number St, Froude number Fr, and Settling parameter Sv yields ranges
of St < 0.01 and Sv < 2. Nevertheless, based on an investigation of the pair correlation
function η(l) 19% of the observed clouds showed signs of droplet clustering. For these clouds
no dependence on the evolutionary stage is found, partly because of the very low number of
dissolving clouds.
Based on the analysis of individual mixing diagrams, as well as two statistical measures, it is
found that there is a significant tendency for actively growing clouds to exhibit homogeneous
mixing, while mature clouds tend to mix more inhomogeneously. This assumption holds
true for clouds with purely mono–modal size distributions. These findings are supported by
previous observations of shear-induced turbulence at the edges of actively growing clouds
(e.g., Siebert et al., 2006c). This increased local turbulence results in a reduced mixing time
scale which favors homogeneous mixing. The inhomogeneous mixing process is likely to favor
the production of larger cloud droplets. The reduction inN , which follows the inhomogeneous
mixing process, causes a reduction in condensational sinks, if the previously mixed air parcel
is lifted in an updraft, allowing for the growth of larger than average droplets. Findings of
a larger fraction of cloud droplets with D > 40µm in clouds of the dissolving stage were
made for 87.5% of all observations, which supports this theory. Here, it has to be considered
that the cloud evolutionary stages are not defined by time, but by buoyancy parameters.
Therefore, it can be excluded that the larger fraction of droplets with D > 40µm arise from
a larger amount of time to experience collision–coalescence processes, especially, because the
range of observed St and Sv parameters, as well as the analysis of η(l) do not indicate a
significant impact of droplet clustering.
Indications of secondary activation of CCN particles and an active collision–coalescence pro-
cess were found in some clouds. Also, humidity halos are found around at least half of the
observed clouds, which lead to the entrainment of pre–moistened cloud–free air. Entrain-
ment of such pre–moistened air in turn favors secondary activation, which is found in the
droplet size distributions for about 46% of the observed clouds, and droplet growth. Both,
secondary activation and collision-coalescence, make the interpretation of mixing diagrams
more complex. The additional droplet source/sink leads to somewhat ambiguous results in
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the mixing diagrams under certain conditions and further investigation of this important
problem is needed.
Consequently, for the shallow trade wind cumuli observed during CARRIBA two mecha-
nisms are found to be the controlling factors regarding the shape of the droplet number size
distribution and the production of larger collision–coalescence initiator droplets:
(i) The number concentration of CCN particles NCCN.
(ii) The mixing type, which depends on the cloud evolutionary stage.
8.2 Outlook
The conclusions drawn in this work are based on in–situ measurements of 10 research flights
confined to the upper 100m of shallow trade wind cumuli, which represent a snap shot
of the respective cloud top areas at a certain time. By evaluating the measurements of a
large number of clouds, which are in different evolutionary stages, assumptions about the
evolution of this type of clouds is made based on the statistical analysis of a large sample.
To obtain more insight into the evolution of cloud dynamical and microphysical properties
of such shallow convective clouds, which have a short life span of 5min to 40min (Fortak,
1982), it would be necessary to make quasi–Lagrangian measurements. That means following
a specific cloud or cloudy parcel through its evolution, starting at the early stages of cloud
formation, and ending with the total dissipation of the respective cloud. However, the use
of a helicopter to carry a measurement platform causes a constant downwash from the rotor
blades. This downwash is no problem if the helicopter moves with a TAS of ∼ 20m s−1.
However, if the helicopter stays above a certain cloud it would alter the cloud over time.
The focus of this work is on the production of collision–coalescence initiator droplets, which
cause the onset of precipitation formation. But no measurements in raining clouds were
performed during CARRIBA, and the shape of the NSD as well as the number of droplets
with D > 40µm are used as an indicator for possible precipitation at a later time. The
Lagrangian approach and a possibility to measure in precipitating clouds could allow for the
detailed observation of rain formation triggered by these larger droplets.
Vertical profiling of the clouds from cloud base to cloud top are necessary to improve knowl-
edge about cloud microphysical and dynamical properties. However, during CARRIBA this
was prohibited due to flight restrictions for helicopter–based measurements. In–situ mea-
surements of local energy dissipation rates and cloud microphysical properties at different
altitudes for different evolutionary stages would improve knowledge about droplet collision
rates and the production of rain in shallow convective clouds. Detailed comparisons with
model results would be enabled.
A larger number of measurement flights and an increase in variability with respect to CCN
particle concentrations and horizontal wind speed, which in turn would increase the variabil-
ity in Nss, could also provide more insight into the role of dissolved sea salt particles for the
production of larger cloud droplets.
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Because conclusions drawn in this work are based on snap–shots of the observed cumulus
clouds a verification of these conclusions using model simulations should be a next step. It
would be preferable to perform numerical simulations based on the conditions observed during
CARRIBA where all naturally occurring processes would be included and the development
of single droplets as well as droplet populations could be monitored. Here, conditions could
be studied which are beneficial to the initiation of precipitation for shallow cumuli.
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